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DISSERTATION ABSTRACT 
 
Richard David Glover 
 
Doctor of Philosophy 
 
Department of Chemistry 
 
March 2013 
 
Title: Utilizing Platforms for the Observation of Chemical Transformations to Surface-
Bound Noble Metal Nanoparticles in Environmentally Relevant Conditions 
 
 
Nanoparticles are increasingly incorporated into consumer products because of 
their unique, size-dependent properties. Although these properties are commercially 
appealing, data are lacking regarding the fate and reactivity of nanoparticles once 
incorporated into materials. This information gap prevents accurate assessment of 
hazards that these materials potentially present to consumers and the environment. To 
address this concern, new research is needed to investigate the reactivity and 
transformations of nanoparticles. 
This dissertation describes the use of an electron transparent characterization 
platform to observe nanoparticle transformations. Nanoparticles were tethered to the 
surface of an analysis platform, exposed to a variety of conditions, and evaluated for 
reactivity and response. The characterization of silver nanoparticles revealed the 
generation of new daughter nanoparticles on surfaces in ambient humid conditions. Our 
observations showed that the transport of material is highly dependent on relative 
humidity and that pH equilibria drives the deposition of new particles and degradation. 
We discovered, by applying these findings to macro-silver objects, that bulk silver 
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generates new nanoparticles on surfaces. This illuminated the possibility of other, yet 
undiscovered, naturally occurring nanoparticles. 
In the second model system, 1.5 nm gold nanoparticles were tethered by a robust 
metal oxide bond from the terminal group of the stabilizing ligand. This strategy 
facilitated precise control over thiol ligand removal using a dilute ozone oxidation. 
Tracking particle oxidation over time allowed us to gain unprecedented control over core 
exposure, size maintenance, and surface tethering. 
This platform was also utilized as a proof-of-concept for direct observation of 
transformations in complex media. Ligand and core transformations were monitored in a 
variety of biologically relevant conditions using tethered nanoparticles. Morphological 
and chemical transformations were characterized and correlated to results from solution 
monitoring. 
The use of a platform based approach to evaluating the reactivity of nanoparticles 
in the environment holds promise for evaluations of nanoparticles and their 
transformation products. The demonstration of monitoring reactivity in systems 
equilibria, carefully controlled transformations, or complex media shows the versatility of 
this strategy. Only through the use of this analysis platform was the direct observation of 
nanoparticle transformations possible. 
This dissertation includes previously published, unpublished, and co-authored 
materials. 
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CHAPTER I 
UTILIZING A PLATFORM-BASED ANALYSIS STRATEGY 
FOR THE INVESTIGATION OF NANOMATERIAL 
TRANSFORMATIONS  
Engineered nanomaterials (ENMs) are used to enhance the performance of 
consumer products by imparting novel, size-dependent properties to them. As such, the 
use of ENMs has multiplied in the last decade. The increase of nano-enabled materials 
incorporated into consumer products, revenue generated from these materials, and the 
research funding allotted to their development all attest to their utility.1 These materials 
generated an estimated 225 billion dollars in consumer product sales in 2009.2 Further, 
the US government is slated to spend over 1.8 billion dollars on nanotechnology research 
for 2013, bringing the total spent since 2001 to over 18 billion dollars.3 Much of this 
product research goes towards incorporation into existing products in order to improve or 
augment performance.4 
The properties of ENMs differ from the bulk forms of the same materials in a 
number of important ways. These include size dependent properties such as: high surface 
area, surface reactivity, novel electronic structure leading to quantum confinement, and 
 2 
optical properties related to surface plasmon resonances.5 The surface plasmon resonance 
observed in noble metal ENMs, due to collective delocalized electrons on the surface, is 
not observed on the bulk scale and varies with size and shape according to Mie theory.6 
The Gibbs free energy of ENMs can differ from that of bulk materials due to the 
influence of surface contributions to total free energy. These contributions are generally 
trivial in bulk materials, but are significant in ENMs as a result of the high surface to 
volume ratio.5 The higher number of surface exposed and under-coordinated atoms on the 
structure of ENMs results in different reactivity, not seen in bulk materials.5, 7 
Additionally, the band gap structure of ENMs represents an intermediate between the 
distinct molecular orbitals of individual molecules and the band structure of a bulk metal. 
The gap between valence and conduction bands of these materials can be tuned based on 
size and composition.7 While each of these characteristics produce tailored reactivity, 
every single one of them are directly related to the size of the ENM. 
The types of ENMs incorporated into different consumer products are based on 
the fundamental classes of desired material properties. Plasmon resonances have been 
exploited since the Roman era, the Lycergus cup is an example of this. Colloidal gold 
materials impregnated in glass cause it to appear green in reflected light, but red in 
transmitted light.8 Modern gold nanoparticles sensors exhibit colorimetric changes when 
brought close together or separated, due to designed reactivity, to act as visual molecular 
reporters.9, 10 The free energy differences between bulk and ENMs can give rise to size 
dependent catalytic properties; as materials get smaller, the surface area increases and 
subsequent exposure of under-coordinated atoms occurs, increasing reactivity and 
altering nanoparticle energetics.11-13 Thus, the highly curved surface of smaller 
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nanoparticles corresponds to higher concentrations of under-coordinated atoms, which 
relates to their catalytic activity.14 For example, the use of nanoscale gold to perform 
catalytic oxidation of carbon monoxide only works in the narrow size regime from 1-3 
nm.15-17 The electronic properties as a result of tunable band gaps of ENMs have opened 
new doors in the fields of quantum computing,18 more efficient solar cells,19, 20 and 
bottom-up processed electronics.21 Finally, the surface area to volume ratio of many 
reactive nanoscale materials requires less material to achieve desired applications.14, 22 
For example, bulk silver has been used as an antimicrobial for millennia, but is difficult 
to incorporate into flexible material.23 Currently, colloidal silver is commonly 
incorporated into fabrics and medical materials (catheters, bandages, etc.) to enable 
materials with antimicrobial properties, due to rapid dissolution of silver at smaller 
sizes.24 Each of these size-dependent properties are a result of different reactivity from 
nanoscale to bulk enabling their incorporation into new products and technologies. 
The same size-dependent properties that make ENMs useful in commercial 
applications could also have detrimental effects on human health and on the 
environment.25 The small size of engineered materials could create inhalation hazards, 
given the known toxicological effects of small particulate matter.26 When released in the 
environment or when in contact with biological systems, nanoscale catalysts could 
perform unwanted side reactions or generate unexpected products.27 Further, ENMs with 
high surface area to volume ratios will rapidly release ions compared to their bulk 
counterparts, amplifying toxicities or negative side effects.28 Beyond the potential 
hazards of as synthesized nanoparticles, the reaction products or transformed materials 
from interactions in biological or environmental environments could present different 
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toxicity.29 In order to identify and classify all potential nanomaterial hazards thorough 
characterization of both native materials and any transformation products that may occur. 
The first step toward characterizing the hazards of ENMs is an in depth analysis 
of nanoparticles that were synthesized. The analysis of nano-scale objects is difficult due 
to the detection limit of modern instruments and the difficulty in visualizing and 
characterizing the chemical composition of such small objects. The lack of a standard set 
of characterization techniques for comparing results between datasets complicates the 
comparison of results from different materials and laboratories.29 Without these 
standards, correlative comparisons between data sets can be difficult if not impossible.29 
With the sample preparation necessary for each technique there is the potential to affect 
the results obtained due to the reactivity of ENMs to environmental conditions. For 
example, sample conditions can be altered during concentration, isolation, or sample 
storage, introducing artifacts into the results.27, 30 By understanding the implicit 
limitations and advantages of each analytical method, proper instrumental use for data 
collection and utilizing multiple characterization techniques the uncertainty in measuring 
objects on the nanoscale can be decreased.30  
The characterization of only pristine ENMs per their potential hazards ignores the 
possible reaction products or transformations that occur in environmental and biological 
systems.27 Analysis of these materials is often more difficult due to the inability to 
identify characterization targets prior to experimentation.29 The variability in 
environmental systems can cause physico-chemical changes to particles, their ligand 
shells, and their solution stability.31 The resulting nanomaterial transformations are 
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incredibly difficult to monitor given the complex nature of environmental and biological 
reactivity.30  
Characterizing as synthesized and transformed materials requires analysis before 
and after transformations occur and under the same conditions. This ensures observations 
made relate to the nature of both materials. Direct observations of ENMs before and after 
transformation could provide this understanding of reactivity from both free ENMs and 
those tethered to or adsorped on surfaces.30 Chemical and morphological characterization 
of ENMs could differentiate between different products from ligand transformation to 
core transformation (Figure 1.1). Observations of both pristine and transformed ENMs 
are only made possible by designing experiments to monitor particle transformations 
while they occur. To address the need to characterize both native and transformed 
products, I propose the use of a platform, specifically designed to quantitatively monitor 
ENMs transformations. 
Introduction Overview 
The balance of this introduction will set a foundation for the platform we used to 
directly observe ENM transformations and their transformation products. First, the 
difficulty of characterizing materials in mixtures and embedded in matrices will be 
discussed. Next, several techniques for separating materials from the environment will be 
presented as well as considerations for other laboratory or characterization techniques. 
This will be followed by some general characterization strategies used to evaluate 
environmental transformations. The proposed platform will be presented with respect to 
two model systems, silver and gold nanoparticles, that were chosen to demonstrate its 
effectiveness and advantages over other methods.  
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Figure 1.1. Illustration of the three levels of nanoparticle characterization targets each 
increasing in complexity. The as-synthesized particle is shown in the upper box. The 
forms in solution and adsorped or attached to surfaces is shown in the center box. Finally, 
the transformations shown in the lower ovals highlight several of the many possible new 
nanoparticle characterization targets. 
Difficulties of Detecting ENMs in Environmental and Biological Conditions 
The difficulty of observing ENM transformations in biological or environmental 
media is a result of the complexity of these environments and associated problems with 
recovery in general. Specifically, aqueous chemical environments dictate reactivity in 
biological and environmental systems and their complexity influences the ability to 
recover or identify transformations to materials.30 Changes to ionic strength and pH, two 
commonly referenced solution properties, will influence reactivity and materials 
stability.31 Further, ions in solution can chelate or complex like organic matter or other 
dissolved solids will influence material stability by altering ligand reactivity.32 The 
physical properties of the materials can vary with size or shape impacting their propensity 
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for aggregation, redox potential, or instability. All of these factors influence the 
observation of ENMs and their transformation products. As such, the preparation of 
ENMs for toxicity and physico-chemical characterization can greatly influence the results 
of the experiment and overall stability of nanoparticle cores and ligand shells.30, 33 
Separation of ENMs from Environmental Matrices May Influence Stability 
Often the characterization of ENMs and their transformation products within the 
medium of interest is impossible. For example, the materials may transform in complex 
mixtures. Alternately, the elemental composition of the medium might interfere with 
analysis. Finally, the materials may be transformed into species for which we have no 
methods to adequately analyze.30 Separation techniques are often utilized prior to analysis 
to remove the material of interest from the matrix. 
One of the most difficult steps encountered during the investigation of ENMs 
transformation is their separation from environmental media during sample preparation or 
analysis without influencing the materials. Many laboratory procedures cause 
aggregation, agglomeration, or dissolution.30 Understanding how these separation 
techniques correspond to their complementary analysis techniques is important for total 
physico-chemical characterization of nanoscale materials and their environmental 
transformations. Accurate characterization ultimately lies in understanding the 
advantages and limitations of each technique as it is used and treating samples 
accordingly.34 
A physical method of separating ENMs from environmental matrices is force 
field fractionation (FFF). This technique accurately isolates material on the basis of size 
or hydrodynamic radius prior to analysis by applying a field perpendicular to the mobile 
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phase. 35 Utilizing FFF in tandem with ICP-MS facilitates the characterization of low 
nanoparticles concentrations to determine size changes in nanoparticle distributions by 
concentrating environmental solutions down to a single particle for analysis.36, 37 
Provided that the sample does not aggregate, this technique can accurately measure the 
size distribution. While single particle ICP-MS has the ability to separate materials in 
complex matrices and at low concentrations, it is hindered by its inability to detect 
multiple elements or particles smaller than 20 nm.30  
A large portion of nanosilver transformation research relies heavily on filtration 
as a general strategy to separate ENMs in order to characterize dissolution in water. This 
dissolution data is used to determine silver ion loss from silver nanoparticle products. The 
Hurt group has extensively characterized nanosilver dissolution and fate with respect to 
various solution parameters (e.g. pH, oxygen content, salt content, and presence of 
peroxides) in water.38-41 Samples are exposed to a treatment following a filtration step to 
remove nanosilver, and analyzed for concentration media using atomic absorption 
spectroscopy. Using this concentration information the amount of silver remaining in 
solution was determined from the starting concentration. These studies have established 
degradation rates of nanosilver and showed the tendency towards the complexation of 
silver with chlorides, sulfides, and other biologically relevant media.39 The results from 
these experiments have helped develop some of the commonly accepted models for 
nanosilver transformations in solutions. The evaluation of solution chemistry is important 
for developing degradation models; however, these solution experiments cannot 
accurately determine surface reactivity. Further the use of filtration to isolate ENMs or 
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ions from solution can skew results preventing accurate assessments due to interactions 
with the filter medium or concentration effects on the nanoparticles.30 
Some studies attempt to address the difficulty in isolating nanosilver from ionic 
silver by using filtration or centrifugation, but physical separation introduces errors in the 
results due to ionic interactions with the filtration media.30 Cloud point extraction uses a 
surfactant (in this case TX-114) to remove NPs from solution and separate ions from the 
nanoparticle surface. This allows the analysis of total ionic and total nanoparticulate 
silver measurements but irreversibly alters the sample. The treatment of these materials 
with the required NaCl and nitric acid could cause the precipitation of AgCl and 
dissolution of Ago respectively. While this method allows the measurement of ionic 
versus nano silver the effects of the necessary reagents could unnecessarily influence the 
accurate nanosilver measurements negating any benefits this method had over 
filtration.42, 43 These studies helped characterize particle degradation rates once in 
solution but lack data on the transformations of particles or the fate of the surface-bound 
material.24 
Multiple studies on nanosilver dissolution have sought to address the lack of 
information on the fate of AgNPs functionalized to surfaces for their antimicrobial 
properties. A common strategy to determine the role of silver ion dissolution is to treat 
nanosilver-enabled fabrics with a variety of solutions (oxidants, salts, detergents, or water 
treated to a specific pH) relevant to environmental exposure. 38-41, 44-48 Filtration is then 
employed to separate material larger than a few nanometers from ionic species. Metal 
release is then calculated via ion selective electrode (ISE), or inductively coupled plasma 
(ICP) methods to determine silver concentration. Fairly insoluble, inert counter ions like 
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silver sulfides and chlorides will release less silver into solution over time when 
compared to nitrates. Bare silver metal surfaces and cations exposed to these will quickly 
passivate.39 Macro-, micro- and nano-sized material do not necessarily have differing 
toxicology, but more likely differing solubility.23, 28 Thus, similar masses could have 
drastically differing surface and dissolutions rates even if the surface chemistry is the 
same. In one study a nano-silver enabled sock was ashed then imaged to determine the 
size of material remaining in the fabric, before and after a water soak.46 They found that 
the nanosized material remained after a water soak indicating release of silver ion. 
Although this method helped visualize silver material, the heat involved with combustion 
of the sample could have easily altered the morphology of the native particles preventing 
any analysis of speciation or transformation of nanosilver on surfaces. Analysis of silver 
either dissolved from materials or surfaces can help calculate rates of silver dissolution, 
but these data unclearly define whether nanoparticles are released from materials or 
transformed in the process. These studies highlight the need to characterize the speciation 
of silver on surfaces. By using platform-based analysis to characterize silver loss or 
transformations on surfaces one could address this need. 
Other Laboratory Methods Influencing Nanoparticle Stability 
Laboratory procedures can have a large impact on the conclusions made from a 
given experiment. The documentation of procedures used for characterization are 
important for both experimental reproducibility and reduction of experimental error.33 
Analysis of nanoparticle suspensions indicate that previously considered stable colloids, 
can have many different levels of aggregation, particle stability, and toxicity based on the 
solution content (water, media, or serum).53,54,55 It was seen by Truong and coworkers 
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that the choice of media not only influenced the stability of nanoparticles in zebrafish 
toxicology screening, but also had a large impact on the toxicity of identical particles in 
various media.53 A technique as common as sonication for resuspension of particles can 
have a large impact on sample stability and reactivity. Treating the solutions with 
sonication provides less aggregation, but once treated they begin to aggregate back 
together again; indicating something as trivial as the post sonication time before use 
should be standardized to ensure the particles have identical characteristics.54 Further, 
sonicating samples introduces free radicals as a result of the cavitation events that react 
with nanoparticles altering their toxicity and chemical characteristics in experiments.56 
Understanding the impacts that each of these techniques have on ENMs analysis helps 
prevent errors in measurement and increase correlation between studies. 
Understanding the in vivo transformations of ENMs is an important piece of 
characterizing their fate in biological systems and reactivity within cellular systems 
especially as materials are proposed to perform medical treatment. Unfortunately, 
materials are difficult to recover once exposed to the complexity of biological systems.30 
By applying traditional toxicological methods to the field of ENM safety research, 
studies showed that dosage is not equivalent between nano and bulk materials as a 
consequence of their size and reactivity. The use of in vitro or small mammal in vivo tests 
to understand metabolic responses, like envacuation or generation of reactive oxygen 
species, have helped determine nanoparticle hazards.26 Others have worked towards 
comparing established bulk toxicity values to test nanomaterials toxicity.49, 50 In vivo and 
in vitro analysis methods are useful, but time consuming to perform, if one is to discover 
the biotransformation and effect of each nanoparticle before it is used in any setting.51 
 12 
Further the requirement for targets for assessment following transformations need to be 
identified prior to testing.27, 52 The requirement for pristine samples to avoid interference 
limits the scope of these studies as well. Overall in vivo and in vitro experiments can help 
us relate the reactivity of materials to their hazards but the impact of each method on 
particle stability is unknown and thus limits the evaluation of environmentally 
transformed samples. 
Considerations for the Detection and Characterization of Nanomaterials  
An important note with regards to nanomaterials analysis is that all information 
collected from observations is indirect. This is an implicit result of analysis at the size 
regime we are attempting to characterize. Commonly used analysis techniques: X-ray 
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), and small 
angle X-ray scattering (SAXS) all require some sort of visual interpretation to make 
observations on the nanoscale: 
TEM – Image acquisition and size distribution analysis  
XPS – Charge correction and peak fitting  
SAXS – Fitting data to a model to determine particle size 
As analysis moves beyond the visible range of the electromagnetic spectrum, both 
the energy to probe at this scale and the required precision have potential to introduce 
artifacts to sample measurements. Sample damage from the probe source or sample 
preparation steps will produce meaningless data and as such the “observer effect” 
becomes more amplified as the scale of materials becomes smaller. As scientists it is 
important to understand both the strengths and weaknesses of each technique for effective 
experimental design. It is with this concept that observations of nanomaterial 
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transformations on our analysis platform contained in the following chapters have been 
performed. 
Liquid Phase Measurements of ENMs 
One of the most commonly used solution methods for monitoring particles in 
solution, over time or treatments, is UV-vis spectroscopy. UV-Vis is a facile technique 
that can rapidly compile information about the size, shape, concentration, and degree of 
aggregation.10, 62-64 The limitations of this technique are the relatively high concentrations 
required for solution analysis compared to that used in biological and environmental 
experiments as well as the interference many of the media or matrix effects from UV-vis. 
In chapter V of this dissertation UV-vis was used for confirmation of properly 
synthesized particles and as a way to correlate and compare tethered particle reactivity 
with solution reactivity. Fourier transform infrared spectroscopy (FT-IR) is a versatile, 
non-destructive analysis technique that generates information based on chemical dipole 
vibrations in response to IR irradiation. In the gaseous or liquid phase FT-IR can analyze 
transformations that occur to the ligand shell of a particle or characterize the product of 
nanoparticle catalysis. An example of this is provided in chapter IV of this dissertation.  
Solid-state Nanoparticle Observation Techniques 
TEM is utilized to image materials on the nanoscale and characterize morphology. 
Collimated electrons are aligned through magnetic lenses and passed through an electron 
transparent sample. Areas with higher surface to charge and/or mass will appear darker 
on the phosphor plate below.65 The use of size distribution data can aid in the statistical 
analysis of change provided that a large enough sample size is chosen. Mindful sample 
preparation is needed to prevent the observation of analysis artifacts as the concentrating 
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effects on depositing particles for sample preparation can influence material stability.30 
TEM was utilized in all chapters of this dissertation as the primary instrument to directly 
monitor transformations and make observations of differences following treatment. 
Another use of TEM analysis is chemical characterization or crystal structure 
determination of nanomaterials. This is demonstrated by the use of lattice measurements 
and selected area electron diffraction (SAED). Direct observation of particle synthesis 
products can be accomplished using SAED to measure lattice spacing to confirm 
molecular structure.66-68 Combining bright field TEM analysis and high angular annular 
dark field STEM imaging (HAADF-STEM) with models of nanocrystals showed 
crystalline structure and elucidated subtle changes unobservable through either method 
alone.69 HAADF-STEM in tandem with electron energy loss spectroscopy (EELS) 
facilitates spatially resolved mapping of nanomaterial structure.70 The use of multiple 
TEM tools and techniques is effective in directly characterizing nanoparticle structure.70 
Analysis on this scale requires extensive sample preparation on highly purified particles 
only. These purification steps may add artifacts to materials characterization when not 
properly controlled.30 
X-Ray photoelectron spectroscopy (XPS) is a surface analysis technique that 
allows detailed chemical oxidation state and binding information to be collected for solid-
state samples and is ideal for analyzing nanomaterial transformation products. 
Monochromated X-rays collide with atoms in the sample, photo-ejecting electrons. These 
electrons are collected normal to the surface and passed through a hemispherical electric 
field separating them by kinetic energy in order to provide chemical information about 
their origin. By factoring instrumental parameters into this measurement the binding 
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energy of that electron is calculated. With this value, XPS spectra facilitate identification 
between the relative amounts of elemental oxidation states present on the surface. XPS 
requires ultra high vacuum to allow transmission and collection of photoejected electrons 
from the sample, which may impact chemistry. Further, the technique is only a surface 
analysis technique as electrons collected below the surface are subject to interactions with 
the material provided by inelastic mean free path values.71 Assuming that these artifacts 
are accounted for, detailed oxidation and semi-quantitative chemical composition 
information can be collected. Application of this surface chemical analysis tool can be 
used during and after synthesis and help understand the products of particle interactions 
in solution.72 An example of ENM product evaluation using XPS surface chemical 
analysis was monitoring release of CdSe from a QD lighting product following multiple 
chemical and mechanical weathering tests.73 XPS was also utilized for the analysis of 
particle transformation in synthesis with ligand exchange from a C-2 amine to a C-11 
amine. XPS was able to show that exchange took between 4 and 14 days, with excess 
oxidized sulfur or unbound sulfur removed by the addition of HCl.74 XPS is used in 
chapters II, IV, and V of this dissertation to characterize the chemical transformation of 
nanomaterials. 
Surface probe microscopy (SPM) provide solid-state nanomaterials measurements 
of roughness, chemical affinity, and size. Although this technique can provide detailed 
information it is limited by precision in one direction (i.e. height, edge detection, etc.). 
These measurements utilize changes in force rastered over a surface to characterize 
interactions.75 During atomic force microscopy (AFM) a tip is rastered across a surface 
and changes in the tip oscillation are monitored. By utilizing carbon nanotube tips, the 
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imaging and characterization of electronic and chemical phenomena with submolecular 
precision has been possible. This experiment showed differences in carbon-carbon 
bonding of anthracene due to different contributions to aromaticity.76  
Using TEM to Directly Observe ENMs and Their Transformation Products 
The examples of direct observation to ENMs transformations shown here are 
meant to demonstrate the experimental strategy involved in making these measurements. 
Few direct observations of environmental transformations to ENMs exist and as such we 
reference those made by an analogous field. By indexing the location of particles using 
TEM and multi-technique analysis the same materials were visualized between 
treatments to directly observe working ENMs transformations.  
Direct observations of nanoscale transformations are not just the realm of 
understanding fate and impacts to environmental and public health. Other fields of 
materials science require the precise measurement of transformations and phenomena. 
Evaluating how materials transform under heat, voltage potential, and chemical 
environments helps develop our comprehension of ENM behavior under material 
working conditions. These methods help to establish mechanisms and understand 
transformations in situ. TEM characterization has been used to accurately analyze particle 
size and morphology, while many in situ tandem techniques like EDX, EELS, or SAD 
use the electron beam for chemical analysis. TEM methods are excellent for directly 
imaging particle morphology and characterizing chemistry, but the low-pressure 
environment and requirements of pristine sample preparations can limit the effectiveness 
of transformation evaluation.65 
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The ability to image an identical location multiple times reduces the probability of 
error in analysis of TEM micrographs. Provided the irradiation does not damage or alter 
the system, the ability to visualize samples before and after treatments supplies otherwise 
unattainable data. Statistical approaches in conjunction with TEM analysis can facilitate 
the investigation of changes in particle size and distribution. In one example, identical 
locations were identified on gold TEM grids before and after electrochemical current 
treatment to the platinum nanocatalyst. Changes to the surface were characterized using 
size distributions of these sites and performing nearest neighbor analysis. Both of these 
measurements were compared to models to validate their experimental hypotheses.77 It 
was observed using these methods that the particles grew due to coalescence with 
minimal contributions from Ostwald ripening.77 Another example visually monitored 
transformations using electron tomography behavior of Pt3Co nanoparticles in proton 
exchange membrane fuel cells (PEMFC) under working conditions. Over multiple cycles 
the performance of the fuel cell decreased indicating particle coarsening. To investigate 
this process PEMFC conditions were replicated in an electrochemical cell with a gold 
TEM grid as the working electrode. Using electron tomography to track identical 
locations of nanoparticles on the carbon supports the hypothesis that coarsening of 
particles was due to aggregation.78 Using direct observation as an experimental strategy 
can elucidate fundamental materials transformations and properties, providing there is a 
proper analysis platform. 
Multi-technique Analysis 
For more accurate observation of ENMs and their transformation products, many 
studies utilize multiple analysis techniques to approximate identification. In one study 
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multiple characterization platforms were utilized to characterize the formation of humic 
acid stabilized AgNPs: TEM (with SAD), UV-Vis, and AFM. These techniques provide 
indirect evidence of particle formation in real time (UV-Vis, DLS) and visual checks 
(TEM and AFM) for corroboration. When size characterization techniques are used in 
tandem with chemical state assessment the degree of characterization will be more 
accurate.72 Using a broad range of techniques and better characterization of the formation 
of transformation products reinforces a total understanding of the system.79 The 
advantage of direct observation on material transformation products as an experimental 
design parameter is the ability to isolate characterization targets of ENMs; further, the use 
of a platform would facilitate these types of measurements 
The Need for a Versatile Characterization Platform 
The characterization of both ENMs and their transformed products is necessary to 
develop accurate models for fate and reactivity.29 Previous characterization on the fate of 
ENMs to understand their potential hazards has produced conflicting data resulting in 
much “discussion” and a demand for standardized characterization.80-84 The NSF 
supported report ‘Nanomaterials and the Environment: A Chemistry and Materials 
Perspective’, identifies several “grand challenges, knowledge, and methodology gaps” to 
help define the role of researchers in understanding ENM fate.29 Identifying common 
environmental processes and reducing them to their fundamental steps can help elucidate 
the mechanisms of interest to the greater field. This NSF report clearly stated the need for 
a detailed understanding of nanomaterial reactivity only made possible through the use 
and development of versatile platforms that scale from bench, to model system, to 
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environment while maintaining control over the observations of transformations on the 
nanoscale.29  
To characterize ENMs and their transformation products we required a method to 
visualize and analyze both particles and their transformation products. To address this 
need we utilized a robust, electron transparent, experimental platform that would allow us 
to study nanoparticle transformations and withstand a variety of chemical treatments. 
Additionally, direct observation, to be executed during analysis, was considered as an 
experimental parameter early in the design planning stages. This platform-based 
characterization and accompanying experimental design facilitated the observation of the 
materials chemistry during and after transformation.  
Direct Observation of Environmental Nanomaterial Transformations 
To directly observe environmental nanomaterial transformations we utilized a 
model system to visualize and characterize to materials in various media and conditions. 
This model system was based on the electron transparent silica SMART grids used as a 
platform to tether particles and is one of the first examples of using this strategy to 
monitor environmental transformations.85 Chemical attachment of nanomaterials to the 
surface immobilized them for treatment in a variety of conditions and facilitated the 
direct observation of material transformations. Tethered particles in captivity, revealed 
fundamental chemical changes in complex environmental and biological media, and 
revealed surprising material reactivity as well. The intentional use of chemical attachment 
facilitated both direct observation of transformation products and the transformations 
themselves.  
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Two types of attachment strategies were utilized in this dissertation: electrostatic 
and a near covalent attachment. Silver nanoparticles used in these experiments utilized an 
electrostatic attachment to the analysis platform using commercially available nano-plus 
SMART ™ grids (functionalized with APTES). The only particle requirement was a net 
negative charge surrounding the stabilizing shell facilitating the analysis of variety of 
particle sizes (10 nm and 75 nm) and stabilizing ligands (polyvinyl pyrrolidone and 
citrate). We deliberately used 1.5 nm 2-mercaptoethyl phosphonic acid (2-MEPA) 
stabilized gold nanoparticles to exploit the previously explored attachment to surfaces 
utilizing a silica-hafnium(IV)-phosphonate linkage.86 Given the affinity of Hf(IV) for 
oxides this tethering strategy provides a near covalent bond resulting in a stronger linker 
than electrostatic attachment. Following nanoparticle decoration the grid could be 
exposed or treated to a variety of conditions and the particle transformations 
characterized. 
Techniques Used for the Direct Observations of Nanomaterial Transformation 
Products 
Tethering particles to an analysis platform made the observation of nanomaterials 
transformations possible. The techniques used to characterize these transformations were 
primarily surface based techniques of TEM, XPS, and AFM. Some solution or gaseous 
measurements were performed to correlate direct measurements performed on the 
nanoscale. 
Morphological characterization was performed primarily with TEM, a rapid and 
accurate way to identify changes to size and shape (Figure 1.2). Following image 
acquisition arrays of particles were processed to generate a size distribution histogram 
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and average particle size.87 Further treatment was performed to samples in Chapter III to 
identify daughter particles that had formed as a degradation product from nanosilver on 
surfaces and calculated the distance they traveled. The use of TEM also allowed us to 
index locations on the platform to revisit particles following treatment, shown in chapter 
II. These micrographs were aligned with a SIFT algorithm, stacked, and turned into a 
movie resulting in direct observations of silver nanoparticle transformations as they 
occurred in a humid environment. SAED and EDX were utilized during TEM analysis of 
transformations to provide point characterization of structural and chemical information. 
The utility of the TEM to allow morphological characterization was generally combined 
with XPS analysis to provide chemical information. 
 
Figure 1.2. Schematic depicting particles tethered to the SMART grid analysis platform 
with representative TEM from both tethering strategies, electrostatic (left) and near 
covalent (right). Both scale bars shown are 50 nm. 
Linking particle morphology and chemical transformations was an integral piece 
of our direct observation experimental strategy. XPS was able to provide detailed 
information about the chemicals and their oxidation state on the surface of the platform. 
The survey spectra gave an overall picture of the surface chemistry, and comparing them 
between samples was a simple way of isolating erroneous results. Multiplex spectra were 
used to calculate the relative amounts and oxidation states of each element detected. In 
chapter IV quantifying sulfur peaks was essential to tune oxidation of the ligand shell. 
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Unfortunately a silica shakeup loss feature originating from the SMART grid surface 
obscured this region (Figure 1.3). Using S2p multiplex spectra from a sample without 
AuNPs on the surface we subtracted a background to reveal a fittable peak. XPS held a 
critical role in our experimental design as it provided essential data on surface chemical 
transformations.  
 
Figure 1.3. XPS survey scan (lower left) and sulfur 2p (upper left), phosphorus 2p (upper 
right), and gold 4f (lower right) multiplex spectra from 1.5 nm 2-MEPA stabilized 
AuNPs. The survey scan provides a snapshot of the relative types and amounts of 
elements. It was used to compare to other similar samples for validation. Multiplex 
spectra are high-resolution scans over areas of chemical interest. These were fit with 
curves to provide relative amount (peak area) and oxidation state (binding energy). 
Characterization of Transformations to Silver Nanoparticles on Surfaces 
Due to the complex and unknown reactivity of materials on surfaces as well as 
their prevalence in commercial applications, silver nanoparticles were identified as a 
model material, while gold nanoparticles were selected because their stability facilitated 
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the study of fundamental material properties and use of the analysis platform in complex 
environments. 
The incorporation of silver nanoparticles (AgNPs) in consumer products generally 
utilizes their antimicrobial properties. The large surface area to volume ratio of AgNPs 
allows small amounts of material to impart silver-like properties to substances, such as 
fabric, that are distinctly not silver-like.24 The increased utilization of these materials to 
impart antimicrobial properties has brought up many questions of their fate and 
mechanism of dissolution or release from surfaces.23, 45, 82-84 Much of the concern lies in 
whether the particles impart different toxicity than bulk material and whether different 
size influences fate and transport. Although, a great deal of understanding has resulted 
from studies performed in solution to resolve issues of dissolution and fate, the 
difficulties of making direct observations of nanoparticles on surfaces leaves many 
questions remaining about reactivity. To address the issues of reactivity on surfaces with 
respect to monitoring silver loss or degradation and understanding environmental 
transformations we tethered AgNPs to the analysis platform. 
The case studies of nanosilver degradation through physical isolation methods 
shown here did not characterize how the materials reacted on surfaces, only their ionic 
speciation in solution.30 To address this in chapters II and III we evaluated 
transformations to nanosilver. We explored this phenomenon to develop a model for 
degradation by tethering silver nanoparticles to our analysis platform as a general 
characterization strategy. Once the silver nanoparticles were tethered the formations of 
new smaller daughter particles occurred. 
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Gold Nanoparticles as a Model System for the Detection and Control of 
Fundamental Nanoparticle Reactivity 
The properties of AuNPs make them well suited to sensing applications, 
performing low temperature catalysis, and controlled nano-assemblies. 88, 89 The low 
toxicity and stability of these materials have led to proposed medical applications 
utilizing the properties of AuNPs including: tumor identification, heat therapy to destroy 
tumors, and drug transport. 89, 90 Understanding the fundamental reactivity of AuNPs is an 
important piece towards their safe incorporation into products. Additionally, careful study 
of nanoscale reactivity can help elucidate new techniques for assembly and functional 
use.  
Gold nanoparticles (AuNPs) were chosen as a model system to carefully monitor 
and detect environmental transformations. The surface stability of AuNPs on surfaces and 
in solution facilitated the observation of subtle changes to their material morphology and 
chemistry. To facilitate this understanding we tethered AuNPs to a surface prior to 
conditional exposure. In chapter IV of this dissertation we control ozone oxidation of 
thiolate ligands through the direct observation and subsequent tuning of the 
transformation process. The careful removal of just the exposed surface ligands maintains 
tethering to the surface and activates the 1.5 nm AuNPs to catalysis, avoiding their 
growth or release. In chapter V of this dissertation we show a proof-of-concept in 
tethering particles to an analysis platform in order to monitor the transformations of 
materials in biological conditions. By replicating conditions ex situ and observing the 
transformations we showed that this method could identify the biological characterization 
targets and transformations. 
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Tethering particles to the surface of our platform facilitated the evaluation of 
several environmental and biologically relevant systems. This dissertation investigated 
both the transformation products and process for gold and silver nanoparticles in selected 
environmental conditions. The use of TEM images (some taken in the same location) in 
concert with XPS surface analysis provide a compelling story about the environmental 
transformation of silver objects (both nano- and macro-sized) and controlled 
transformations of gold nanoparticles. The incorporation of the electron transparent 
SMART grid platform in the experimental design was critical to experimental results as it 
facilitated tethering particles to the surface using electrostatic (silver) and near covalent 
(gold) binding. Overall, the versatility of the characterization platform was demonstrated 
by revealing a series of complex equilibrium reactions on the nanoscale as well as 
carefully tuning the numbers of oxidized ligands on each nanoparticle. 
Dissertation Overview 
Chapter II was co-authored and published with J.M. Miller, J.E. Hutchison and 
myself. It describes the electrostatic attachment of silver nanoparticles to characterize 
their transformations on surfaces. The particles are stable in solutions stored in the dark 
for months, yet on the order of days their decomposition is apparent in ambient 
conditions in the form of nanoscale protrusions or new smaller “daughter” particles. 
Through a series of experiments it was shown that this degradation and redeposition was 
dependent on a high relative humidity. By indexing locations on the platform we were 
able to directly observe the degradation process occurring over a series of weeks. 
Through observations of chemical and morphological transformations we proposed a 
three-stage model for the generation of new daughter particles: oxidative dissolution, 
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surface water confined transport, and formation of new particles. Given that these 
processes also occur for macro scale silver objects, we hypothesized that the formation of 
daughter particles from these objects was likely. Remarkably we discovered the 
generation of new particles did occur when silver objects such as silverware or jewelry 
were in contact with a surface in humid conditions or with a droplet of water to facilitate 
silver ion transfer. Only by utilizing our analysis platform was the observation of 
nanomaterials generated from nano- and macro-silver objects possible. 
Chapter III is an unpublished manuscript co-authored by J.E. Hutchison and 
myself and describes the use of the analysis platform to characterize the chemical 
transformations that occur during the humidity dependent degradation and to develop an 
understanding of the equilibrium processes of surface bound silver nanoparticles that 
occur in thin adsorped water layers. The humidity threshold for both degradation and 
humidity was related to the amount of liquid-like water in the surface adsorped water 
layer, as well as delineating between the two processes. Further the influence of pH on 
degradation and particle formation was explored and the intermediacy of Ag2O was 
investigated as a way for both the deposition of daughter particles and the replenishment 
of protons for degradation. The conversion of Ag2O daughter particles to the more 
thermodynamically stable Ago was detected. Finally the transformations of smaller 
daughter particles were compared to the behavior of the parent particles and we observed 
different degradation behavior for the daughter particles versus parent degradation. By 
tethering particles to the analysis platform it was possible to explore the reaction 
dynamics and chemistry of silver nanoparticles in humid conditions. 
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Chapter IV is an unpublished manuscript co-authored by E.W. Elliott III, J.E. 
Hutchison and myself. This work highlights the use of well-defined monolayer protected 
gold nanoparticle functionalized with specific ligands to facilitate deposition on to the 
analysis platform. The ligand, (2-mercaptoethyl)phosphonic acid (2-MEPA), was chosen 
to attach the gold nanoparticle core via the terminal phosphonate moiety. This group 
tethered to Hf(IV) anchor points on the silica surface of our analysis platform. Particles 
were deposited on both planar and high surface area supports. With this system we were 
able to show the stepwise oxidation of ligands from the gold surface by exposing it to 
dilute (50 ppm) ozone. These oxidized ligands could be gently removed from the surface 
with a water rinse exposing an active gold core. The exposure of the gold core was 
confirmed with catalytic oxidation of CO(g) to CO2(g). Utilizing the platform we were able 
to characterize transformations and control oxidation of ligands on a nanoparticle array, 
without altering particle size or attachment. 
Chapter V is an unpublished chapter co-authored by J.E. Hutchison and myself 
shows the use of the analysis platform as a proof-of-concept for characterizing chemical 
and morphological transformations in different environmental conditions. The conditions 
we chose to expose particles to all represented biological conditions could have an impact 
on particle stability in situ: water, buffered acetic acid, glutathione, and hydrogen 
peroxide. Using 2-MEPA terminated gold nanoparticles we were able to correlate 
changes to size and coverage of the assembly as visualized with TEM with UV-vis 
measurements in solution over time. Further using XPS we characterized ligand exchange 
and ligand loss to provide a better description of the chemical process. By recreating 
these conditions ex situ we were able to observe the transformations to nanoparticles and 
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show that platform based measurements provided more information about the 
transformations. This study emphasizes the utility of tethered particles for the 
characterization of environmental conditions that are difficult to monitor, or in 
concentrations lower than many instruments are capable of recording. 
Each of these chapters is a demonstration of how particles tethered to an analysis 
platform can facilitate characterization of nanomaterials not previously possible. Only 
through incorporation of this platform into experimental design were we able to 
thoroughly characterize the chemical and physical changes to ENMs and identify their 
transformation products. 
Bridge 
In chapter II we show the first example of using the SMART grid tethering 
strategy. This was a key experimental design piece to the research performed for this 
dissertation. This platform facilitated the observation of complex nanoparticle reactivity 
in environmental conditions by immobilizing particles to the surface and monitoring their 
transformations. The close relationship between the grid manufacturer, Dune Sciences, 
and the Hutchison lab helped foster a collaboration between their co-founder and 
president, Dr. John Miller, and myself. We were both interested in observing the 
dissolution of silver from electrostatically tethered materials. Myself to gain an 
understanding of how silver fabrics may react differently than solutions, and Dune 
Sciences to understand how to control release of silver in nano-enabled fabrics. Rapidly, 
we discovered that the purchased materials were unstable once tethered to surfaces. By 
carefully evaluating this instability we discovered that silver nanoparticles on surfaces 
were reactive and dynamic forming new silver daughter particles in the presence of 
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humidity. Further experimentation also showed that larger silver objects like earrings and 
silverware also exhibited this behavior. These results shown in this chapter highlight the 
differential reactivity between surface and solution and the need for characterization 
strategies capable of direct observation. 
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CHAPTER II 
GENERATION OF METAL NANOPARTICLES FROM SILVER 
AND COPPER OBJECTS: NANOPARTICLE DYNAMICS ON 
SURFACES AND POTENTIAL SOURCES OF 
NANOPARTICLES IN THE ENVIRONMENT 
Note: Reprinted with permission from Glover, R.D.; Miller, J.M.; and Hutchison, J.E. 
Generation of Metal Nanoparticles from Silver and Copper Objects: Nanoparticle 
Dynamics on Surfaces and Potential Sources of Nanoparticles in the Environment. ACS 
Nano, 2011, 5 (11), pp 8950–8957. Copyright 2011 American Chemical Society 
The author carried out the majority of the experimental design and characterization with 
the exception of J. Miller designing and performing the droplet experiment to accelerate 
daughter particle formation from macro objects and the experiments with jewelry and 
silverware. All authors were actively involved in the writing process. J.E. Hutchison 
provided experimental and editorial guidance.  
Introduction 
The proliferation of engineered nanoscale materials in consumer products has 
raised scientific and public concerns about the potential impacts of those materials on 
human and environmental health.1 Particular focus has been placed on whether there are 
new risks or reactivities that result from the nanoscale size of these materials. Silver 
nanoparticles (AgNPs) are of particular interest because of their rapidly growing use in 
antimicrobial applications2-4 and the known toxicity of silver ion.5 The key questions 
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regarding AgNPs parallel those for nanomaterials in general: Are nanoparticles released 
from products?6-8 What is the fate of those nanoparticles? Are there hazards that are 
specific to the nanoscale form (including size and surface chemistry)?1,9,10 What are the 
implications for Environmental Health Safety (EHS) and regulation?1 
Answers to these questions have remained elusive, in part, because it is 
challenging to detect and identify nanomaterials in the environment and even more 
difficult to monitor the transformation products that result from nanoparticle 
weathering.11-13 As a result, much of the currently accepted understanding of the 
reactivity and fate of nanoparticles has been derived from indirect analysis using solution 
studies or other model systems from which one can only infer the fate of particles.6,14,15 
For AgNPs, these indirect analyses focus on quantification of silver retained or released, 
but do not provide the speciation. Several studies have determined that AgNPs in solution 
release ionic silver (Ag+) and that the rate of Ag+ release is influenced by particle size, 
particle functionalization and the local environment.9,10 To date, however, no studies have 
been reported where the nanoparticles can be directly monitored over time to determine 
their behavior. As a consequence, one cannot accurately predict AgNP behavior or their 
potential hazards when they are deposited on or embedded in surfaces, as they are in the 
majority of the antimicrobial applications. 
In this paper, we introduce a versatile strategy for the direct visualization of 
nanoparticle transformations on solid surfaces. This integrated strategy is comprised of: 
(i) the capture and immobilization of nanoparticles on a functionalized characterization 
substrate, (ii) the in-situ weathering of these particles and (iii) the multi-technique 
characterization of identical particles over time. The use of silicon-based TEM grid 
 32 
substrates with thermal oxide membrane windows ensures the compatibility and 
durability of the substrate during relevant environmental exposures. The grids are 
chemically-functionalized to capture and tether them on the grid surface with a high 
dispersion.16 Once they have been securely anchored to the grid, the nanoparticles can be 
exposed to a wide range of controlled environmental conditions. The nanoparticle 
structure and composition can be monitored over time by methods such as TEM, UHV 
surface analysis, and scanning probe microscopies. By indexing individual particles to 
the grid, the same particles can be reanalyzed after exposure to monitor temporal changes 
and correlate data from different techniques. Here we describe a practical application of 
this strategy to the case of AgNPs on surfaces. The platform permitted the direct 
observation of the formation of small nanoparticles in the vicinity of the tethered 
nanoparticles, providing insight into the material dynamics behind this reactivity. The 
approach was extended to observe the production of nanoparticles from macroscale silver 
and copper objects (e.g. cutlery and jewelry). 
Results and Discussion 
To assess how environmental conditions affect the structure and stability of 
AgNPs, samples were prepared for analysis by immobilizing 10 nm and 75 nm, PVP and 
citrate-stabilized, and 20 nm polysorbate-20-stabilized AgNPs on positively charged 
SMART Grids through electrostatic interactions (Figure 2.1A). For all experiments 
shown, unless noted, 75 nm PVP-stabilized particles were used. The resulting specimens 
showed remarkably uniform distributions of well-isolated particles anchored across the 
grid surface (Figure 2.1B) that are ideally suited for indexed imaging. The goal of this 
work was to directly visualize time-resolved evolution and reactivity of AgNPs deposited  
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Figure 2.1. Direct visualization of morphological changes in surface-bound AgNPs under 
ambient conditions. (A) Strategy for tethering NPs on positively-charged SiO2 grids. 75 
nm PVP-stabilized AgNPs were used as the starting point for each of the experiments 
shown in panels B and C. (B) TEM image showing freshly tethered 75 nm, PVP-
stabilized AgNPs with uniform distribution across the grid. (C) TEM image showing the 
growth of small particles in the vicinity of the parent particles after storage in air under 
ambient laboratory conditions for four weeks. Inset shows a zoomed in image of new 
nanoparticles formed in the vicinity of the parent particles. The scale bars for panels B 
and C are 500 nm and 100 nm for the inset. 
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on surfaces when exposed to light, humidity, and aqueous solutions (water, salt, bleach, 
etc.). 
Formation of New Nanoparticles from AgNPs Bound to Surfaces 
A key finding from our survey of the effects of environmental conditions on 
tethered AgNPs is that they transform extensively on the grid surface even in the absence 
of a solution phase. Specifically, new smaller particles were observed on the surface near 
the nanoparticles that had been originally assembled on the grid and exposed to ambient 
laboratory conditions (Figure 2.1C). These smaller particles were not isolated to selected 
areas, but were prevalent across every sample measured. The discovery of small particles 
on the grid was surprising because freshly deposited 75 nm samples showed no evidence 
of smaller nanoparticles and AgNP solutions themselves are stable in dark, cool 
environments for several months. Yet, particles deposited on the surface of the grids 
began to show transformations in size, shape, and particle population within a few hours. 
This finding highlighted the need to directly observe the behavior of nanomaterials on 
surfaces. 
Based on these observations an initial study was conducted to determine the 
influence of humidity and light on the formation of these new nanoparticles. Figure 2.2 
shows a series of TEM micrographs for the samples exposed to controlled humidity 
conditions for three weeks. The sample stored at 0% relative humidity (RH) remains 
unchanged over this period, whereas those stored under humid conditions show dramatic 
morphological changes. New small particles were abundant in the vicinity of particles 
stored at 100% RH suggesting that humidity plays an important role in their formation. 
Samples stored at 50% RH showed less pronounced changes that could be characterized 
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as nanoscale protrusions from the parent particles. In these experiments, light exposure 
had a significant influence on the extent of particle degradation and formation 
(Supporting Information Figure A1). Therefore, subsequent experiments were conducted 
in the dark with minimal exposure to light during transfer in and out of the TEM. Given 
that water adsorption to surfaces is dependent on RH17 these results suggest that the 
structure of the adsorbed water layer may influence the transformations of the parent 
AgNPs. 
 
Figure 2.2. Humidity-induced morphological changes to AgNPs deposited on amine-
functionalized grids. TEM images of the particles stored for three weeks under different 
humidity conditions (% RH) show morphological changes and the appearance of small 
particles under humid conditions. The scale bar is 100 nm for all three panels. 
To gain insight into the temporal changes of individual nanoparticles and to better 
understand this dynamic behavior, an indexing protocol was developed to characterize 
the same nanoparticles over time. Figure 2.3 shows a series of images for the same 
population of five 75 nm PVP-stabilized AgNPs exposed to 100% RH over five weeks. 
After the first week, new particles were observed in the immediate vicinity of the five 
larger particles. After three weeks and five weeks, additional small particles were 
observed surrounding the parent particles. Notably, the particles formed during the 
previous time point remain fixed in space, whereas the newer particles form farther away 
from the parent particles. 
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Figure 2.3. Formation of small nanoparticles in the vicinity of 75 nm AgNPs at 100% RH 
over five weeks. TEM images taken during the exposure period show increasing numbers 
of small nanoparticles (0, 262, 290, and 312, respectively) throughout this timeframe. 
The scale bar is 100 nm for all panels. 
Characterization of New Nanoparticle Formation 
The formation of smaller nanoparticles under humid conditions raises several 
questions: (i) does the electron beam cause nanoparticle formation, (ii) what is the 
composition of the new nanoparticles and (iii) does the grid surface chemistry facilitate 
their formation? A series of control experiments was conducted to examine each of these 
questions. First, atomic force microscopy (AFM) was used to examine these 
transformations without exposure to the TEM’s electron beam. The AFM images 
(Supporting Information Figure A2) collected for samples assembled on atomically flat 
mica substrates show that new particles are formed in the vicinity of the original particles 
after environmental exposure, indicating that the presence of these particles is not simply 
induced by the electron beam in the TEM. 
Next, energy dispersive X-ray spectroscopy (EDS), X-ray photoelectron 
spectroscopy (XPS), and selected area diffraction (SAD) were used to determine the 
composition of newly formed particles on the substrate (Figure 2.4A). Highly degraded 
10nm PVP-stabilized AgNPs were used for EDS and SAD analysis due to the higher 
surface coverage of these samples. EDS spectra (Figure 2.4C and 2.4D) showed only Si, 
O, and Ag (and the Si and O are a result of the SiO2 grid). There is no evidence of sulfur 
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(2.3 eV) or chlorine (2.6 eV) present that would suggest the formation of Ag2S or AgCl. 
The binding energies of the silver peaks in the XPS provides a means of distinguishing 
Ag° from Ag2O. The position of the Ag 3d5/2 peak (368.6 eV) in the XPS spectrum of the 
silver nanoparticles in Supporting Information Figure A3 is consistent with Ag° and is 
found at higher binding energy than typically found for Ag2O.18 
 
Figure 2.4. Characterization of the chemical composition of transformed 10 nm PVP 
stabilized AgNPs. (A) Bright field TEM image of transformed particles. (B) Selected area 
diffraction corresponding to the field of view in panel A. The measured rings correspond 
to the (111), (200), (220), and (222) faces of fcc Ag. (C) HAADF-STEM image of the 
transformed particles. The areas identified by circles represent the sample area examined 
by EDS. (D) EDS spectra for the areas indicated in panel C. The top spectrum (red) 
corresponds to substrate/background and the bottom spectrum (blue) corresponds to 
AgNPs. All scale bars shown are 100 nm. 
To confirm the conclusions drawn from EDS and XPS, SAD was performed over 
an area containing new nanoparticles. The diffraction pattern shown in Figure 2.4B 
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confirms that the new particles are comprised primarily of fcc Ag.19 Taken together, 
EDX, XPS and SAD strongly suggest that the nanoparticles are composed primarily of 
Ag°. 
To investigate whether the grid surface chemistry influences nanoparticle 
formation, AgNPs were deposited on non-functionalized SiO2 TEM grids and similar 
transformations were observed (Supporting Information Figure A4). These observations, 
taken together with the results obtained on the mica surfaces during the AFM 
investigations, rule out the possibility that the positively-charged hydrophilic surface 
catalyzes the nanoparticle transformations. Although there may be subtle changes in the 
rate and extent of nanoparticle formation on different surfaces, the formation of new 
particles appears to be a general phenomenon that is not significantly impacted by the 
nature of the substrate surface. 
 
Figure 2.5. Proposed pathway for new particle formation away from parent nanoparticles. 
The pathway is broken into three stages in the figure. Stage 1 involves surface oxidation 
with ambient oxygen and adsorbed water. In stage 2, ionized silver diffuses away from 
the parent particle in the adsorbed water layer driven by the concentration gradient. 
During stage 3 new particles nucleate via chemical and/or photochemical reduction of 
silver ion on the surface. 
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Based upon the results described here, we propose a three-stage pathway for new 
nanoparticle formation (Figure 2.5). In the first stage, the surface of the silver 
nanoparticles becomes oxidized in the presence of oxygen and water, generating silver 
ions at the surface of the particle that dissolve in the humidity-dependent adsorbed water 
layer.17 As noted previously in this report, and shown in Figure A1, light significantly 
accelerates this process. The release of silver ions from silver nanoparticles as an 
oxidation product under aerobic, aqueous conditions has been well-established and is not 
expected to be significantly impeded by the weak passivating ligands used in these 
experiments. 9,10,20 However, the small volume of the surface water layer means that it 
will rapidly become saturated with silver ion (see calculations in Supporting Information 
Table A1). 
In the second stage, dissolved silver ions diffuse away from the parent particles in 
the absorbed water layer as a result of the strong concentration gradients around the 
parent particles. As shown in Figure 3, once formed, the new nanoparticles do not move. 
Additional particles are formed farther away from the parent particles over time, 
suggesting that the mobile species are silver ions, not the particles themselves. The 
mobility of silver ions in an adsorbed water layers on surfaces has been reported in 
systems with electrochemical gradients.21,22 For relatively polar surfaces such as those 
employed here, at 100% humidity, the water layer is thin (less than 3 nm), yet thick 
enough that a liquid-like layer is present that should facilitate transport of the ions away 
from the parent NP (as seen in our experiments).17 However, because the layer is so thin, 
the diffusion of ions will be slowed by interactions of the water layer with the surface.23 
These effects on ion diffusion will likely influence the location at which new particles are 
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formed. At lower relative humidities, a thinner hydrogen bonded (ice-like) layer is 
present that has been suggested to be less effective for ion transport.17 This notion is 
consistent with our findings at 50% RH in which the particles show morphological 
changes, but no significant new particle formation. 
In the third stage, new smaller Ag° nanoparticles are produced through reduction 
of the silver ions on the surface. AgNPs are readily nucleated by a variety of mild 
reductants24,25 and/or through photoreduction.26-28 In this case, it is likely that reduction 
occurs through multiple pathways. Although the humidity experiments were conducted in 
the dark, brief exposure to stray light during sample transfer to the microscope was 
difficult to prevent and likely contributed to photoreduction. In addition, several of the 
chemical coatings or stabilizers (PVP, citrate and aminoalkylsilanes) are known to reduce 
silver ion to produce AgNPs.24,29,30 Thus, while the data clearly show the formation of 
new nanoparticles, given the ease of reduction, the number of potential chemical 
reductants, light sensitivity of silver ions and the subsequent exposure to the electron 
beam, it was not possible to isolate a single agent or exposure responsible for reduction. 
The production of small particles by transfer of ions from large particles might be 
thought to increase the free energy of the system due to increased surface energy of the 
small particles, however there are several factors that may contribute to the stability of 
these new particles. First, the smaller particles may be stabilized by specific interactions 
with the surface that develop during their nucleation and growth. Next, the combination 
of slow diffusion, lower temperatures, and widely spaced parent particles favors the 
formation of the smaller, kinetically stabilized particles that we observe. Finally, it has 
been recently reported that smaller nanoparticles are more stable when the concentration 
 41 
of surrounding large particles is lower,31 as is the case here. Although additional 
investigations will be required to explore the details of the dynamics of these 
nanoparticles on surfaces, it is clear that the dynamics are significantly different than 
those in the solution phase. 
The three-stage process described here predicts that all AgNPs passivated with a 
weakly bound ligand shell should generate small particles on surfaces exposed to 
humidity. Our results support that prediction because we observed similar 
transformations with AgNPs of different sizes and stabilizers (10nm PVP, 75 nm PVP, 75 
nm citrate, and 20 nm polysorbate-20) (Supporting Information Figure A5). One 
important question that remains is whether this phenomenon is restricted to nanoscale 
materials. 
Formation of New Nanoparticles from Silver Wire and Other Objects 
To determine whether the formation of new nanoparticles is a more general 
phenomenon, we investigated several common silver objects to see whether they might 
also generate small nanoparticles when in contact with a surface. Our rationale was that if 
oxidation of the surface and dissolution of silver ion (analogous to stage 1 in Figure 2.5) 
occurs for macroscale objects20 in contact with surfaces then stages 2 and 3 should follow 
to produce new small nanoparticles in the vicinity of these objects. To probe this 
question, a silver wire and a sterling silver earring were placed on grids (Figures 2.6A 
and 2.6C), exposed to humid conditions and the grids examined by TEM. The images in 
Figures 2.6B and 2.6D show that in both cases a heterogeneous population of 
nanoparticles was deposited in the vicinity where each object had contacted the grid. 
These results are unexpected based upon the extensive investigations of nanosilver that 
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have been reported. Further, they suggest that silver-containing consumer products and 
other objects that are frequently in contact with human skin readily form AgNPs. 
 
Figure 2.6. Generation of AgNPs from silver wire and a sterling silver earring. (A) An 
optical image showing a silver wire in direct contact with an amine-functionalized grid. 
(B) A TEM image revealing that nanoparticles are generated during contact with the wire 
over three weeks at 100% RH. (C) An optical image of a sterling silver earring placed in 
direct contact with several amine-functionalized grids. (D) A TEM image showing the 
nanoparticles that were generated during contact with the earring over three weeks at 
100% RH. In these experiments samples were exposed to intermittent light throughout 
the experiment. The scale bar shown is 50 nm for panels B and D. 
To further probe the role of water in these transformations, a small droplet of 
water was placed at the interface between the object and the substrate to determine 
whether nanoparticle formation is accelerated in the presence of bulk water. A silver-
plated spoon and fork (Figure 2.7A) were each placed onto a 1 uL droplet of water and 
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the water was allowed to evaporate on the grid. Remarkably, in the time it took for the 
droplet to dry (< 10 minutes) large numbers of small particles were produced (Figure 
2.7B). We characterized the nanoparticles by EDS to determine their composition. Figure 
2.7B and 2.7C shows a HAADF-STEM image of the nanoparticles formed from the 
object and the corresponding EDS spectrum for the area shown in Figure 2.7C confirms 
the bulk of the material is silver (indicated by the peaks at 2.7, 3.0, and 3.2 keV). There 
are trace amounts of sulfur (2.3 keV), chlorine (2.8 keV), and copper (0.9 keV) that are 
common silver oxidants and/or are consistent with the tarnished silver.32 The rapid 
generation of nanoparticles under these conditions is consistent with the model shown in 
Figure 2.5 because the larger volume of water has the potential to dissolve more silver 
that would then be concentrated to saturation during the evaporation of the droplet. This 
might also explain why the nanoparticles are larger and more heterogeneous than in the 
humidity experiments. These results demonstrate that nanoparticles can be formed from 
any silver object in contact with water alone. 
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Figure 2.7. Generation of AgNPs from common silver objects. (A) An optical image of a 
sterling silver knife and fork in contact with the grid surfaces. (B) A TEM image of 
particles produced upon introduction and evaporation of a 1µL droplet of water. (C) A 
HAADF-STEM image of particles produced upon drying as in panel B. (D) EDS 
spectrum of the generated nanoparticles that confirms their composition is silver. The 
additional elements (oxygen and silicon) arise from the SiO2 substrate. The scale bar 
shown is 50 nm for both panels B and C. 
Considering our findings with silver, we wondered whether other metals that are 
easily oxidized and reduced under environmental conditions (e.g. copper) might exhibit 
similar behavior.21 Copper wire (Figure 2.8) was investigated in the same manner as for 
the silver objects. Nanoparticles were produced at 100% RH and in the droplet 
experiment just as in the case of silver. EDS confirmed that the composition of the 
particles was copper (Supporting Information Figure A6). These results provide 
additional evidence that the three-stage process for nanoparticle formation shown in 
Figure 2.5 may be a general phenomenon that is a potential source of metal nanoparticles 
in the environment. 
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Figure 2.8. Generation of CuNPs from copper wire. (A) Optical image of copper wire in 
contact with the surface of a grid. (B) A TEM image showing CuNPs produced when the 
wire was left on the grid for seven days at 100% RH. (C) A TEM image showing CuNPs 
formed when a 1 µl droplet of water was introduced and allowed to dry. Scale bar shown 
is 50 nm for panels B and C. 
Conclusions 
 The strategy employed in this study represents a new approach in which the fate 
of nanomaterials can be directly measured after exposure to a range of environmental 
stimuli. We find that all silver, whether nano-, or macro-scale, generates AgNPs when 
exposed to humid air or water. We characterized production of the nanoparticles as 
occurring in three distinct stages, including (i) the ionization of Ag˚ and dissolution of 
Ag+, (ii) diffusion of silver ions away from metal of origin in the adsorbed water layer, 
and (iii) reduction of Ag+ under ambient conditions. Studies with copper wire also 
produce nanoparticles, suggesting that this process may be general for metals that can be 
readily oxidized and reduced under environmental conditions. These findings provide 
significant new insight into the dynamics of nanoparticles bound to surfaces. In the 
present study, silver ions are released into, confined by and reduced within the adsorbed 
water layer, leading to profoundly different reactivity than in solution. 
The dynamic nature of surface bound nanoparticles has profound implications for 
our understanding of metal speciation in the environment, the dynamics of nanoparticle 
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reactivity and our approaches to nanomaterial health and safety and the regulation of 
these materials. Our findings suggest that differentiating material hazards by size can be 
misleading. The fact that nanoparticles are spontaneously produced suggests that Ag and 
Cu NPs have been present as incidental nanomaterials humans have been in contact with 
for several thousand years. The generation of nanoparticles may be a general 
phenomenon for materials oxidized and reduced under common environmental 
conditions and may be another natural source of nanomaterials in the environment. EHS 
and regulatory policy should recognize the presence of background levels of 
nanoparticles and their dynamic behavior in the environment. On a broader scale, these 
findings highlight the need for new characterization strategies to assess nanomaterial 
transformations under environmentally relevant conditions. Finally, the results beg the 
question of what other incidental nanomaterials might exist in nature that we have not 
developed the tools to detect. 
Methods 
Silver Nanoparticles  
Silver nanoparticles used in this study were purchased from commercial suppliers. 
The 75nm PVP-stabilized AgNPs used in this study were purchased from Nanocomposix. 
As received, these particles have a concentration of 1 mg/ml in water. Additional 
materials that were evaluated include 10 nm and 75 nm citrate-stabilized AgNPs 
(Nanocomposix) and 20 nm polysorbate-20-stabilized AgNPs (Dune Sciences). Sample 
vials were stored in the dark at 4°C when not in use. All nanoparticles were sonicated for 
30 seconds to ensure complete dispersion of the particles prior to deposition. 
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Substrates 
Smart Grids™ TEM substrates were provided by Dune Sciences and used as 
received. The grids are comprised of 3 mm silicon disks with 50x50 µm electron-
transparent SiO2 windows that are silanized with different functional groups to promote 
the capture of different types of materials.18 Amine-functionalized, positively charged 
grids were selected to enhance the affinity for the AgNPs through electrostatic 
interactions. We also conducted experiments with non-functionalized grids to rule out 
any substrate effects related to the surface chemistry on the grid. Mica substrates were 
purchased from Ted Pella. Fresh mica surfaces were generated by removing the top 
layers using adhesive tape. The mica surfaces were silanized by soaking for one hour in a 
0.017 mM aqueous 1-(3-aminopropyl)silatrane solution.33 
Capturing nanoparticles on the grids and mica surfaces. To capture nanoparticles, 
the amine-functionalized grids were floated for five minutes on individual 5 µl droplets 
of AgNP solution (as received) that were deposited on parafilm. Each grid was removed 
from the droplet and lightly contacted on the edge with filter paper to wick away excess 
solution. Next, the grid was floated on a droplet of nanopure water for five minutes to 
rinse away any unbound materials. Finally, the grids were removed from the droplet and 
dried in air. Once dried, the grids were stored in a dark chamber at 0% RH for up to one 
day. For the non-functionalized TEM grids, the rinse step was omitted because the 
particles aren’t captured and bound by the grid surface and are thus easily displaced. 
Controlled Exposure to Humid Conditions 
Samples were stored in humidity-controlled environments for up to five weeks 
using the following conditions: 0% RH – sample stored in desiccation chamber, 50% RH 
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– sample stored in humidity controlled room, and 100% RH – sample stored in chamber 
containing a reservoir of liquid water. All samples were stored in the dark to control 
degradation/renucleation from ambient light; however incidental exposure to light 
occurred when removing grids from chambers and preparing samples for TEM analysis. 
Transmission Electron Microscopy (TEM) Imaging 
Bright field TEM analysis was performed using FEI Tecnai Spirit TEM operated 
at 120 kV or FEI Titan TEM operated at 300 kV. High angular annular dark field 
scanning transmission electron microscopy (HAADF-STEM) images were taken using 
the FEI Titan. Energy dispersive X-ray spectroscopy (EDS) was used for chemical 
analysis in HAADF-STEM mode. 
In order to image the same location on a grid during extended humidity 
exposures, the location of particles was denoted relative to the indexing window and the 
grid was oriented in the same position each time it was imaged. Using a window corner 
as a guide the same particles were identified and images were taken at identical 
magnification. Images were aligned using Linear Stack Alignment with SIFT in Image J 
so that changes between images could be compared more easily.34,35 
Atomic Force Microscopy (AFM) 
AFM was used in non-contact tapping mode on a Veeco Nanoscope IIIA with 
Nanosensor POINTPROBE-PLUS Silicon-SPM Sensor tips, resonant frequency range of 
204-497 kHz. Scan area was 800 nm2, scan rate was 0.5 Hz, with 512x512 samples over 
the area. Images were taken in phase contrast mode. 
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X-ray Photoelectron Spectroscopy (XPS) 
XPS spectra were taken at 20 eV pass energy on a ThermoFisher ESCALab 250 
with a monochromated Al K-alpha, using a 400 µm spot size. Each spectrum was 
corrected to aliphatic carbon at 284.8 eV. Peak fitting of the Ag 3d5/2 was done using 
ThermoFisher Avantage software. 
Bridge 
The observations that silver generates nanoparticles in humid environments 
illuminated the differential reactivity that occurs on the nanoscale and the difficulties 
inherent in evaluating transformations. In chapter III, I seek to understand more about the 
chemistry in the thin surface adsorped water layer. Specifically, the role of relative 
humidity in degradation and dissolution, the role of pH in degradation and daughter 
particle formation, the possible intermediacy of Ag2O in daughter particle formation, and 
the stability of daughter particles after they had formed. To further our understanding 
about tethered silver nanoparticle degradation in humid conditions we performed these 
experiments with analysis platform and nanomaterials as the previous chapter. The 
observations we made reveal the importance role of equilibrium processes and solution 
chemistry on nanomaterial reactivity. 
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CHAPTER III 
CHARACTERIZING THE INFLUENCE OF SOLUTION AND 
ENVIRONMENTAL CONDITION ON THE REACTIVITY  
OF SURFACE BOUND SILVER NANOPARTICLES  
IN THIN, ADSORBED WATER LAYERS 
 
Note: Chapter III has been prepared for submission to ACS nano. The author designed 
and performed all of the experiments. J.E. Hutchison provided experimental and editorial 
guidance. 
Introduction 
Silver nanoparticles (AgNPs) are currently one of the primary nanomaterials that 
have been incorporated into consumer products.1 Their most common applications 
involve coating or impregnating products to impart antimicrobial properties.2-4 There has 
been ongoing concern about the environmental implications of these nano-enabled 
products;2, 5-7 particularly whether AgNPs or silver ions (Ag+) are released from these 
surfaces and how this could influence environmental exposure to these species.8-11 The 
release of silver has primarily been characterized by calculating the total concentration 
lost from the surface or total concentration remaining on the surface.2, 3, 12-15 However, 
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these studies do not identify the species released or the physical and chemical 
transformations that occur to the AgNPs bound to the products. 
To evaluate the degradation and transformations of AgNPs on surfaces we 
tethered them to a characterization platform and found that they were significantly 
transformed under ambient conditions.16 We observed smaller daughter nanoparticles 
formed on the surface surrounding the deposited parent particles at 100%RH. 
Conversely, when materials were held at 0%RH no change was observed. A three-stage 
pathway was proposed to describe this behavior, consisting of oxidative ionization of the 
parent particles, transport of Ag+ in the adsorbed water layer, and deposition of daughter 
particles. We also observed the deposition of daughter particles on surfaces adjacent to 
macro-sized silver objects (wire, jewelry, and silverware) and a copper wire.16 This study 
showed chemistry is clearly different in thin adsorbed water layers compared to the 
transformations of AgNPs in solution. 8-14, 17-19 
In our efforts to understand the root cause of this different reactivity we examined 
four key questions. What is the role of %RH in the transformation of AgNPs on surfaces? 
To develop our previous observations on on AgNP transformation we wanted to 
understand how %RH and subsequently the adsorbed water layer thickness effected 
oxidative degradation and surface transport of Ag+. Given the consumption of protons 
during oxidation,17, 20 why would the degradation of AgNPs continue if the pH increased? 
Could the increase in pH does favor the formation of Ag2O daughter particles and thereby 
reducing pH of the adsorbed water layer? However, only Ago was observed in our 
previous study; hinting at the possible intermediacy of Ag2O in the daughter particle 
formation process.21 Finally, what is the fate of the daughter particles over time? The 
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daughter particles may experience different chemical environments than their parents, we 
understand that they do not move, but we don’t know if they transform or ripen like the 
parents or if they are stable over time. To address each of these experimental questions 
we tethered particles to an analysis platform, evaluating their transformations over time. 
This paper seeks to elucidate details of oxidative dissolution, Ag+ transport, and 
daughter particle formation. First we determined the dependence of degradation and Ag+ 
transport as a function of %RH. Then, we showed the effect of pH on degradation and 
deposition of daughter particles. We next evaluated the intermediacy of Ag2O. Finally, 
we monitored the fate of daughter particles that are formed on the surface. Combined, 
these observations show reactivity of AgNPs in the %RH dependent surface adsorbed 
water layer, and highlight differences between AgNPs on surfaces and in solution. 
Results and Discussion 
In our previous work AgNPs were tethered to surfaces and transformations were 
monitored in ambient conditions. To address the questions posed in this study a similar 
strategy was employed, facilitating observations of transformations in the thin surface 
adsorbed water layer. We tethered 75 nm polyvinyl pyrrolidone (PVP) stabilized AgNPs 
to the surface of an electron transparent TEM substrate (SMART Grid) functionalized 
with a positively charged amino silane (APTES) as reported previously.16 AgNPs were 
monitored using transmission electron microscopy (TEM) to identify changes over time 
and to minimize the effects of artifacts from the electron beam, samples were only 
imaged once and taken as fast as experimentally possible. The %RH was precisely 
controlled to evaluate how the thickness of the adsorbed water layer influenced 
degradation. AgNPs were exposed to acidic humid conditions to evaluate the change in 
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degradation. The intermediacy of Ag2O formation was evaluated with SAED. Finally the 
stability of daughter particles in 10%RH was evaluated over time. 
AgNP Oxidation and Ag+ Transport Depend Strongly on %RH 
Previous observations of transformations were characterized by parent particle 
oxidation and formation of new smaller daughter particles. Experiments showed that 
these transformations did not occur at 0 %RH, at 50%RH degradation was characterized 
by the formation of nanoscale protrusions, and at 100%RH we observed the formation of 
smaller daughter particles originating from the tethered parent particles.16 These 
observations led us to investigate the %RH in detail to determine its role in both 
degradation and Ag+ transport. 
Surface bound AgNPs were held in chambers with humidity controlled by 
saturated salt solutions (0%RH, 25%RH, 50%RH, 75%RH, and100%RH)22 for two 
weeks and imaged using TEM (Figure 3.1). At 0%RH there the parent particles did not 
change and the presence of protrusions or daughter particles was not seen, indicating no 
degradation to the parent particles. From 25%RH and 50%RH the formation of 
protrusions was observed, indicating degradation but no diffusion. At 50%RH the 
formation of small numbers of daughter particles was observed interspersed with 
nanoscale protrusions, indicated by the lower threshold for transport. Finally, large 
numbers of daughter particle were observed at 75%RH and 100%RH indicating the 
presence of degradation and transport; further supporting the role of humidity in the 
transport of degraded silver. These data show that degradation occurs at any %RH greater 
than 0%RH but, transport does not occur until above 50%RH indicating a the threshold 
for silver transport. 
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Figure 3.1. TEM micrographs of 75 nm surface-bound AgNPs held at constant humidity 
over two weeks highlight the transformations of AgNPs in humid environments. Constant 
humidity was maintained with saturated salt solutions from left to right 0%RH, 25%RH, 
50%RH, 75%RH, and 100%RH. There were no changes observed to the sample held at 
0%RH. Stacked images from 25%RH and 50%RH samples have contrast optimized to 
highlight protrusions shown in red circle. Images on the right from the 50%RH, 75%RH, 
and 100%RH have contrast optimized to highlight small daughter particle formation. 
We sought to corroborate these data to the ice-like or water-like properties of 
these adsorbed water layers and to determine the %RH threshold where daughter particle 
formation occurs. Our model suggested that at lower %RH thinner, more ice-like water 
layers prevented the transport of Ag+ from the parent particles, and in thicker more water-
like layers Ag+ transport was possible.16, 23 The threshold for AgNP formation 
corresponds to %RH where the surface adsorbed water layers begin to have water-like 
properties. Below this %RH water layers are considered ice-like due to their high degree 
of tetrahedral coordination.24 In addition, the thickness of the water layer at 50%RH, 
roughly 1 nm, is equal to the hydration sphere of Ag+ in solution, which might limit the 
dissolution of Ag+.23-26 Further, viscosity increases as the water layers become more ice-
like which should slow the transport of Ag+ in the water layer.27-29 All of these factors 
should decrease the transport of Ag+ below the 50%RH threshold. 
To evaluate the extent of silver transport for exposures above the 50%RH 
threshold, the sum of daughter particle volumes (nm3) versus their spatial distribution 
was averaged, for multiple parent particles, and plotted (Figure 3.2). Plots were 
constructed from micrographs of samples held in 50%RH, 75%RH, and 100%RH for two 
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weeks. The trace of particles held at 100%RH had the largest area beneath the curve, the 
distribution peaks at 200nm3, and the furthest distance daughter particles were detected 
from parent particles was ~600 nm. The trace from AgNPs held at 75%RH showed an 
intermediate area under the curve, as the distribution peaked at 1200 nm3 and the furthest 
distance particles were detected form parents was ~400 nm. Finally samples held at 
50%RH showed the lowest area under the curve, as the distribution peaked at 200 nm3 
and maximum distance daughter particles were detected was ~200 nm. The increase in 
both distance and volume of daughter particle formation correlated with an increase in 
%RH confirms that liquid-like water facilitates silver transport. 
 
Figure 3.2. Plot of the sum of daughter particle volumes (nm3) versus the distance (nm) 
from parent particle centroid, averaged for multiple parent particles, illustrating the 
average redistribution of silver as daughter particles following two weeks in a controlled 
humidity chamber. The black trace represents 100%RH sample, dark gray trace 
represents 75%RH, and the light gray trace represents 50%RH.  
These results highlight the role %RH plays in the degradation of AgNPs on 
surfaces, particularly that degradation occurs in the presence of any adsorbed water, 
whereas Ag+ transport will only occur when liquid-like adsorbed water is present. Below 
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50%RH where water is ice-like, dissolution still occurs but Ag+ transport does not. 
Above 50%RH where water is liquid-like both dissolution and transport occur, with the 
amount of related to amount of liquid-like water adsorbed to the surface. 
Influence of pH on AgNP Dissolution and Calculated Increase in Surface pH  
The presence of liquid-like water impacts both degradation of AgNPs and 
transport of Ag+ in the small volumes of %RH dependent surface adsorbed water. 
Solution studies of AgNP degradation in solution indicate that reaction rates slowed as 
solution pH increases from the consumption of protons to form Ag+ in the presence of 
water (1).12, 17, 18, 20 Given this mechanism we hypothesized that the pH would increase 
rapidly in the small volume of the surface adsorbed water layer. To evaluate the role of 
pH in the degradation of surfaces surface bound AgNPs, samples were stored in an 
acidified 100%RH chamber for 4 days and imaged with TEM (Figure 3.3). Significant 
morphological transformations were observed in the form of angular protrusions and loss 
of individual particle structure indicating rapid oxidative degradation. Few daughter 
nanoparticles were observed, indicating the role of pH in new particle nucleation. These 
results indicate that similarly to solution degradation, pH effects degradation rates of 
AgNPs on surfaces. Given that pH has an effect on the degradation of AgNPs on surfaces 
we wondered how much the pH changed in samples held in %RH. The consumption of 
protons in the low volume of the surface adsorbed water layer should have a significant 
impact on the pH in turn influencing slowing the degradation of AgNPs. To estimate this 
change we calculated the pH of the adsorbed water layer assuming daughter particle 
formation represented the degree of AgNP degradation. Per the chemical equation (1): for 
each mole of Ago that is oxidized to Ag+, one mole of protons is consumed. The moles of 
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Ag+ were estimated from the daughter particles formed in a 600nm radius around the 
parent particle. The buffering capacity of water was assumed to be zero and due to the 
ionization of water, one mole of hydroxide was formed for each mole of protons 
consumed. The relatively small volume of surface adsorbed water will be greatly affected 
by changes in pH from the generation or consumption of protons. 24 We estimated that 
the pH increases to: 14.5 at 100%RH, 14.3 at 75%RH, and 13.5 at 50%RH (Table B1). 
Given that degradation is pH dependent, an increase this large would slow if not halt 
dissolution.17, 20 However surface degradation was previously observed beyond this 
point.16 Why doesn’t degradation halt once protons are consumed? These results led us to 
consider possibilities that could lower the pH in the surface adsorbed water layer, 
particularly during daughter particle deposition. 
2Ag + 1/2O2 +2H +↔ 2Ag+ + H2O        (1)  
 
Figure 3.3. TEM micrograph of AgNPs held in an acidic environment for four days 
showing significant amounts of pH induced morphological changes. Scale bar shown is 
100 nm. 
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Mechanism of Daughter Particle Nucleation and Isolation of a Silver Oxide 
Intermediate 
To address the increase in pH in the surface adsorbed water layer we considered 
the formation of Ag2O. The formation of Ag2O is likely to form at higher pH, and would 
reduce pH in the thin surface water layers allowing for further nanoparticle degradation. 
Further, Ag2O is unstable with respect to Ago alluding to its role as an intermediate in 
daughter particle formation.8, 11, 21, 30-33 
Assuming that Ag+ and OH- are generated in equal proportions, per Equation 1, 
the formation of silver oxide (ksp=1.99x10-8) would occur with a solution containing 
1.4x10-4 M of both ions.34 At 100%RH only 0.02% of the total number of daughter 
particles (about 5) would need to be dissolved as Ag+ to favor Ag2O precipitation. 
Further, the formation of Ag2O would provide protons (from the ionization of water) to 
fuel the oxidation process by diffusing to areas of higher pH around the parent 
particles.16, 20, 35, 36 
Considering the results of these calculations, the formation of silver oxide 
daughter particles is likely. However, our previous observations on humidity aged AgNPs 
only indicated the presence of Ago.16 Ago is more thermodynamically stable than Ag2O 
suggesting its role as an intermediate in daughter particle formation. Recent studies have 
observed the thermal decomposition of nanoAg2O to Ago in alkali conditions at room 
temperature over the course of weeks; the lowered temperature of thermal decomposition 
was attributed to the decreased activation energy in AgNPs.21 Given the calculated 
increase in pH, we hypothesized Ag2O could be formed and transformed to Ago. 
Previously our characterization of Ago daughter particles was performed on samples 
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allowed to age for at least 4 weeks to ensure maximum degradation. However, during this 
time period daughter particles could transform to Ago, to address this we investigated the 
speciation of freshly deposited daughter particles.  
Daughter particles formed during storage in a humidity chamber take several 
weeks to form in high enough numbers to measure chemical speciation with selected area 
electron diffraction (SAED). This time period would allow the transformation of a Ag2O 
intermediate to Ago.21 From our previous study we understood that daughter particles 
could be generated rapidly using a droplet of water at the interface between a silver 
object (wire, earring, or silverware) and our analysis platform.  
To test the hypothesis that daughter particles are formed as silver oxide we 
deposited daughter particles by placing a silver wire on a SMART grid with a droplet of 
water on the interface between them, analogous to the method used in our previous 
publication.16 Chemical characterization of the daughter particles formed was 
accomplished using diffraction spots from SAED. Diffraction spacings of Ag2O and Ago 
have some similar spots, but by identifying unique spots between the two species, each 
can be individually identified.  
Daughter particles characterized immediately following deposition contained only 
the following diffraction spots which are all unique to Ag2O: <111> at 2.84Å, <222> at 
1.38Å, and <220> at 1.68Å (Figure 3.4).30 Further there were no identified diffraction 
spots that would indicate Ago on this sample. These observations confirmed our 
hypothesis that daughter particles were deposited as silver oxide, but left questions about 
our previous observations of silver metal daughter particles.  
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Figure 3.4. SAED pattern of silver oxide nanoparticles (left) freshly deposited on a grid 
from a droplet of water placed at the interface between a SMART grid and piece of silver 
wire. Diffraction rings were measured from spots corresponding Ag2O. Highlighted spots 
are representative of diffraction spacings unique to Ag2O (as compared to Ago) from the 
reflections: <111> (yellow), <220> (blue), and <222> (green). SAED pattern from 
identically treated particles and allowed to age for one week in 100%RH (right). 
Diffraction rings were measured from spots corresponding Ago. Highlighted spots 
represent diffraction spacings unique to Ago (as compared to Ag2O) from the reflections: 
<311> (red) and <200> (light blue). 
To determine if the freshly deposited Ag2O was a kinetically competent 
intermediate in the formation of Ago  daughter particles we needed to that it would 
convert to Ago in the same time frame as other observed daughter particles. A sample was 
prepared identically to the sample above and held at 100%RH for one week. Daughter 
particles were again imaged using SAED and diffraction spots were measured consistent 
with Ago (and distinct from Ag2O): <311> at 1.24Å and <200> at 2.01Å (Figure 3.4).30 
While some nanostructures imaged contained spots consistent with Ag2O the presence of 
Ago was unmistakable and not previously observed. These measurements confirmed the 
role of Ag2O as an intermediate in the formation of Ago daughter particles. Given this 
data, it is clear that the daughter particles were deposited through the depostion of Ag+ as 
an Ag2O intermediate in the alkaline environment as a result of oxidative dissolution. The 
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Ag2O particles then slowly convert to the more thermodynamically stable Ago once 
deposited in the alkaline environment.  
Daughter Particle Transformations During Aging at 100%RH  
A question still remained that once they are formed, what is the fate of the 
daughter AgNPs. Is the reactivity of daughter AgNPs the same or different as the parents 
and why? Initial observations of parent particles indicated that large particles were 
degrading to smaller particles, but initial observations on daughter particles showed slight 
growth over time from indexed images. Further, once daughter AgNPs formed it was 
apparent that they did not move.16 We hypothesized that daughter AgNP stability and 
transformation may differ from that of the parents. 
To evaluate daughter AgNP transformations, surface-bound 75 nm AgNPs were 
held in 100%RH for two weeks and imaged (Figure 3.5 top left). An identically prepared 
sample was held for four weeks at 100%RH and imaged, to ensure that each sample was 
exposed to the electron beam only once (Figure 3.5 lower left). The numbers and sizes of 
daughter AgNPs associated with each parent particle were evaluated using an analysis of 
variance (ANOVA) on the mean number of daughter AgNPs for each parent to 
statistically confirm the difference in the number of daughter AgNPs between two and 
four weeks (Figure 3.5 right).  
Several pieces of evidence led us to conclude that daughter AgNPs exhibit 
different reactivity than the parent AgNPs. Daughter AgNPs held in 100%RH for four 
weeks showed a decrease in size and decrease in population. The numbers of particles >1 
nm and between 1 nm and 2 nm decreased from two to four weeks. Statistical analysis of 
the 100%RH samples showed the number of daughter AgNPs decreased over time 
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supported by a p>3.05x10-4 for the ANOVA test of equivalent mean numbers of daughter 
AgNPs per parent between two and four weeks. These data show that the population is 
decreasing in number while increasing in size indicating a coarsening or ripening process 
occurring with daughter AgNPs.  
 
Figure 3.5. TEM micrographs (left) of daughter AgNPs held in 100%RH for 2 weeks 
(upper) and 4 weeks (lower) with accompanying average particle size distribution (right). 
Error bars on the histogram represent the average size of daughter AgNPs associated with 
one parent particle for bin sizes from 1 to 15nm. The average number of daughter AgNPs 
associated with a representative parent particle were calculated (upper right). Data 
representing the images on upper left are labeled 2 week and lower left 4 week. 
This closer look at daughter AgNP transformation in 100%RH over time revealed 
that they behave differently than the parents. This different reactivity is likely due to the 
different chemical environments surrounding daughter AgNPs as compared to the 
parents. The slow transformation of daughter AgNPs from Ag2O to Ago increases the 
distribution of Ago across the surface, in turn lowering the concentration gradient moving 
away from parent particles and decreasing particle spacing. The space between parent 
particles is filled with AgNP daughter particles with close particle spacing. Unlike the 
parent particles, daughter particles are not ligand stabilized, leaving the surface silver 
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adatoms more mobile. As a result different transport dynamics are possible due to the 
lowered concentration gradient.37 Previous experiments imaging the same daughter 
AgNPs multiple times showed that following daughter particle deposition, growth 
occurred but without particle movement, ruling out a coalescence mechanism.16 The 
changes in size and population in combination with a lack of ligand altered chemical 
dynamics and the previous demonstration of Ostwald ripening for AgNPs on oxide 
surfaces all suggest that ripening is occurring between daughter particles.37-40 
The observation that ripening occurs in daughter particles but does not occur 
between parent particles is rationalized by considering the different environments that 
daughter particles see. The distance between daughter particles is much smaller than the 
distance between parents. Additionally the concentration gradients that surround the 
parent particles are lower than around the daughter particles. Finally, the polymer ligands 
that stabilize the parent particles are not present in daughter particles. Taken together, the 
differential reactivity between parent and daughter particles is a result of differences in 
interparticle distance that have broader impacts on particle equilibrium. 
Conclusions 
The experiments on surface bound AgNPs show the influence of local chemical 
environments in the small volume of the surface adsorbed water layer. The generation 
and stability of daughter AgNPs is dependent on: local pH favoring the formation of a 
Ag2O intermediate. Oxidative ionization occurs in humidity greater than 0%RH, where 
Ag+ transport, only occurs in those samples in contact with liquid-like layers of adsorbed 
water. As the number of liquid-like monolayers are increased the amount of silver 
transport also increases. We observed that, similarly to silver in solution, low pH 
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environments increase the degradation rate of surface bound silver particles. Further, we 
calculated the influence of the oxidative degradation on surface water pH and found it to 
be high enough to slow Ago formation and to favor the production of Ag2O. The 
conversion of silver oxide to silver metal was confirmed when we isolated the Ag2O 
intermediate and were able to monitor its transformation to Ago. This finding explained 
the consumption of hydroxide formed in the degradation process causing the precipitation 
of Ag2O daughter particles out of the adsorbed water layer. Finally, metallic silver 
daughter particles begin to undergo ripening due to the differential conditions between 
them and their parents.  
These observations are depicted in a chemical model of the daughter AgNP 
process (Figure 3.6). This model highlights the feedback each of the individual stages 
provide to each other. As particle are degraded protons are consumed, driving pH up and 
facilitating the formation of Ag2O daughter particles. The formation of these daughter 
particles in turn increases the pH facilitating the degradation of parent particles.  
These results have shown that the local chemical environments, such as %RH 
(and in turn adsorbed water layer thickness), local pH (driving dissolution and providing 
hydroxide to complex silver), daughter particle precipitation, and transformation 
influence the dynamics of aquatic chemistry on surfaces as compared to solutions. Much 
of this difference is from concentration effects as a result of the small water volume 
present in the surface adsorbed water layer. Surface energetics also played a large role in 
the differences of these processes between both bulk silver and surface adsorbed water 
degradation conditions. Overall these processes highlight the feedback between chemical 
reactions isolated in surface adsorbed water layers. 
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Figure 3.6. Schematic illustrating observed dynamics of the AgNPs transformation 
process. Oxidative ionization releases silver from the parent nanoparticle in acidic 
conditions. The liberated Ag+ and moves away from the parent particle and precipitates 
as Ag2O NPs in basic conditions. This reaction generates more protons to form more Ag+ 
continuing the degradation. The deposited Ag2O daughter particles slowly transform into 
silver metal over time. 
Methods 
Silver Nanoparticles 
AgNPs used in this study were purchased from nanoComposix. The 75nm PVP-
stabilized AgNPs used in this study were used as received, particles have a concentration 
of 1 mg/ml in water. Sample vials were stored in the dark at 4°C when not in use. All 
nanoparticles were sonicated for 30 seconds to ensure complete dispersion of the particles 
prior to deposition. 
Substrates 
SMART Grids™ TEM substrates were provided by Dune Sciences and used as 
received. The grids are comprised of 3 mm silicon disks with 50x50 µm electron-
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transparent SiO2 windows, silanized with aminopropyl triethoxy silane. Amine-
functionalized, positively charged grids were selected to enhance the affinity for the 
AgNPs through electrostatic interactions.41  
Capturing Nanoparticles on Substrates  
To capture nanoparticles, amine-functionalized grids were floated for ten minutes 
on individual 5 µl droplets of 75nm PVP stabilized AgNP solution were deposited on 
parafilm. Each grid was removed from the droplet and lightly contacted on the edge with 
filter paper to wick away excess solution. Next, the grid was floated on a droplet of 
nanopure water for five minutes to rinse away any unbound materials. Finally, the grids 
were removed from the droplet and dried in air. Grids were immediately placed in a dark 
humidity chamber following capture.  
Controlled Exposure to Humid Conditions 
Samples were stored in humidity-controlled environments for up to four weeks 
using the following conditions:22 0% RH – sample stored over Drierite, 25%RH – sample 
stored over saturated potassium acetate solution, 50%RH– sample stored over a saturated 
sodium bromides solution, 75%RH – sample stored over a saturated sodium chloride 
solution and 100%RH – sample stored in chamber containing a reservoir of liquid water. 
All samples were stored in the dark, however minimal incidental exposure to light 
occurred when removing grids from chambers and preparing samples for TEM analysis. 
Controlled Exposure to Acidic Humid Conditions 
Grids with tethered 75 nm PVP AgNPs w samples were placed in a 100%RH 
chamber containing a beaker of 25mL of glacial acetic acid. A pH test strip was used to 
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measure condensation in the chamber indicating a pH of 2-3 ensuring that the acid 
volatilized lowered the pH of adsorbed water on surfaces.  
Generating Ag2O Daughter Particles 
To deposit Ag2O daughter particles a 2µL droplet of water was placed on the 
interface between a piece of silver wire and a SMART grid. Samples were allowed to dry 
under aluminum foil to protect from incident light. After the droplet dried TEM/SAED 
was used to image and characterize the materials deposited. 
Transmission Electron Microscopy (TEM) Imaging 
Bright-field TEM and SAED analysis was performed using FEI Tecnai Spirit 
TEM operated at 120 kV or FEI Titan TEM operated at 300 kV. In an effort to prevent 
beam damage on samples images were taken as rapidly possible during TEM analysis, 
further samples were only imaged one time. 
Size and Statistical Analysis of Daughter Particles 
Daughter particles numbers and sizes were calculated from images taken after two 
and four weeks in the controlled humidity chambers. Parent particles were manually 
removed by cutting away their outline to facilitated the use of  a band-pass filter in 
ImageJ to emphasize nanopartice edges. Thresholding was performed on these processed 
images and compared to the original to assess validity. Measurement was performed in 
ImageJ and the Cartesian coordinates and area were input in a spreadsheet. To assign 
daughter particles to the nearest parent particle Euclidean distance was calculated and the 
lowest value between daughter particle coordinates and parent particle coordinates was 
selected. Volume of daughter particles was calculated from the area assuming all 
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particles were spheres. From these data the volume of silver at a given distance away 
from parent centroid was averaged and plotted. 
Bridge 
In chapter IV we show that the use of a SMART grid platform to monitor 
complex environmental transformations is complemented by the use of the platform to 
characterize fundamental ligand transformations. Using a different attachment strategy 
than in chapters I and II attachment strategy developed previously in the Hutchison 
group, small (1.5 nm) thiol stabilized nanoparticles are passivated with a phosphonate 
terminated ligand (2-mercaptoethyl phosphonic acid) and tethered to a silica surface 
using a Hf(IV) linker. The bond is strong enough to withstand oxidation making this an 
ideal platform to evaluate ligand removal through ozonolysis. The work shown in this 
chapter represents a collaborative effort between Edward Elliott III, another Hutchison 
group member, and myself. His interests lie in control over synthesis, assembly, and 
characterization complementing my interests in characterizing nanoparticle 
transformations. The standard grid design was modified in this study to provide a surface 
with windows for TEM analysis and one with uninterrupted silica surface for XPS 
analysis. Ozonolysis was carefully tuned using sulfur XPS traces to monitor the amounts 
of oxidized ligands and TEM to show that particles did not grow.  Together we developed 
a dilute ozone oxidation procedure to remove a targeted number of ligands from the 
surface of the gold nanoparticle to expose the core. This strategy facilitated the 
maintenance of particle size and surface tethering throughout the process. Then the 
ligands were rinsed away with a water soak exposing a bare gold surface, confirmed with 
the successful catalytic oxidation of carbon monoxide.  
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CHAPTER IV 
CONTROL OF SIZE AND SURFACE COVERAGE DURING 
THE STEP-WISE REMOVAL OF LIGANDS FROM 
SUPPORTED MONOLAYER PROTECTED  
NANOPARTICLES 
 
Note: Chapter IV has been prepared for submission to ACS nano. The author developed 
the use of the tandem analysis platform and the catalysis experiments were headed by 
E.W. Elliott III. All other experiments and data analysis were performed collaboratively 
with the author and E.W. Elliott III. J.E. Hutchison provided experimental and editorial 
guidance.  
Introduction 
Due to their size-dependent properties supported nanoparticles continue to find 
applications in hybrid functional structures. Besides finding use in sensing applications,1 
interest in nanoparticles with unique catalytic activity2,3 continues to grow as new 
selectivity is demonstrated.2 The most recent applications as sensitizers for solar energy 
harvesting4,5 emphasize the importance of carefully controlling particle spacing and core 
dimensions, as the optoelectronic  properties of nanoscale metal are highly sensitive to 
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changes in size.6-10 There are several advantages to the use of functionalized monolayer 
protected nanoparticles as building blocks; careful synthesis affords the necessary size 
control before self-assembly, while the ability to tailor ligand chemistry allows for the 
directed attachment to a substrate. The challenge is to remove the ligand shell without 
changing the properties of the assembly through core growth and without loss of material 
from the support after assembly.11 To address this challenge, we explored the use of a 
mild chemical treatment to decrease the affinity of the ligand shell for the surface of the 
core. This, in turn, facilitated the removal of ligands at room temperature to expose an 
active nanoparticle surface without compromising tethering to the support.  
Supported gold was chosen for a model system because precise control over gold 
nanoparticle (AuNP) synthesis provides the ability to design well-defined, water-soluble, 
functionalized building blocks for self-assembly. The careful selection of functionalized 
nanoparticles maximizes attraction to the oxide support allowing for the creation of both 
planar analysis platform and 3D substrate.12 Because the ligands are strongly bound it is 
possible to remove extraneous species following synthesis, which can complicate 
subsequent assembly steps.3,13 In addition, terminal functionality can be tailored for 
specific applications through a ligand exchange reaction following nanoparticle 
synthesis.14 While several other synthetic methods using coprecipitation or deposition-
precipitation exist for the creation of supported gold assemblies without ligands, one 
significant limitation is the inability to finely tune the final gold particle size 
independently of the support material.3 Alternatively, approaches for the creation of 
supported gold clusters using pre-synthesized AuNPs allow for precise control over the 
size and morphology of the gold core; however, in these cases the ligand shell must then 
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be removed.15 A survey of the literature reveals three approaches, often used in concert, 
for the subsequent removal of the ligand shell: thermal,16 oxidative,17,18 or solution-
based.15,17 Early approaches focused on heating the supported nanoparticles in order to 
vaporize the stabilizing ligands. These methods were effective for the removal of ligands, 
but induced varying degrees of particle growth during treatment.19-23 This growth 
obviates the advantage in size control when compared with other methods of generating 
supported gold clusters. 
Solution-based approaches using thermal or oxidative treatments have also been 
investigated. These approaches make use of weakly passivation ligands, polyvinyl acetate 
(PVA) or triphenyl phosphine, to facilitate ligand shell removal; however, a thermal 
treatment was still required.15,17 For weakly passivating ligands (PVA) thermal treatment 
in water disrupts the ligand shell while limiting core growth, yet only removes ~20% of 
the ligands from the particles.15 The approach is not well suited for particles with more 
strongly bound ligands, such as thiols. A solution-based treatment using an oxidant (t-
butyl hydroperoxide) was shown to effectively remove triphenyl phosphine  from gold 
clusters. However, these clusters underwent morphological changes and particle growth 
was significant.17 Other oxidative approaches followed from the demonstration that 
UV/ozone treatment was effective for the removal of self assembled monolayers (SAMs) 
from planar gold substrates.24,25 In these cases, UV irradiation leads to the production of 
O3 which in turn oxidizes the organic ligands.26,27 Studies of nanoparticles on oxide 
supports showed that once the ligand shell was oxidized, a subsequent thermal treatment 
was required to remove the ligand, resulting in slightly less core growth than thermal 
treatments alone.18  
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We reasoned that the use of a mild chemical treatment to decrease the affinity of 
the ligand for the particle surface would facilitate the removal of ligand without changing 
the core size while keeping the attachment to the surface intact (Figure 4.1). To fully 
characterize ligand removal chemical transformation of the ligand shell, core size 
changes, any loss of material, and finally the existence of an active gold surface must all 
be tracked. SiO2 was chosen as an inert support material which would not complicate 
analysis by catalysis.28 High surface area 3-D substrates may be used to facilitate 
experimental techniques that require enough material to demonstrate functional activity 
or to determine nanoparticle loading by inductively coupled plasma optical emission 
spectroscopy (ICP-OES). However, surface sensitive analytical techniques, such as X-ray 
photoelectron spectroscopy (XPS) or transmission electron microscopy (TEM), require 
an analysis platform with low surface roughness to fully characterize subtle changes to 
particle chemistry and morphology. XPS is an excellent complementary technique as it 
can determine the relative amounts of an element, such as sulfur, in various oxidation 
states. This allows for the characterization of the binding environment for the sulfur head 
groups of the ligand shell. Complete characterization of ligand removal therefore required 
the development of both a planar analysis platform as well as assembly of nanoparticles 
on a high surface area substrate with identical surface chemistry.  
Herein, we report a general strategy for the removal of stabilizing ligands from 
nanoparticles assembled on a metal-oxide surface. Using the dual analysis approach we 
demonstrated the utility of gold monolayers as building blocks for self-assembly by 
tailoring the terminal functionality of the particles and the surface chemistry of the 
support. A mild chemical oxidation was then used to lower the affinity of the ligand for 
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the surface of the nanoparticle facilitating removal at room temperature by water. In 
addition, the treatment decreases ligand coverage while maintaining core diameter 
providing access to an active metal core while retaining tethering to the surface. Given 
the success of this approach in removing these tightly bound ligands from metal 
nanoparticles we anticipate that the mild oxidative treatment outlined here may be 
applied to a wide variety of nanoassemblies. 
 
Figure 4.1. Illustration of two general models for the removal of ligands from supported 
nanoparticles. First, particles of the desired size are synthesized and purified (a) prior to 
assembly on a support (b). Ligands are typically then removed using harsh thermal and 
oxidative treatments leading to varying degress of particle growth and/or loss (c). 
Alternatively, we demonstrate using a mild chemical treatment to reduce the affinity of 
ligand for the particle core (d) affording the room temperature removal of ligand using 
only water (e). 
Results and Discussion 
In this study, we employed assemblies of monolayer protected gold nanoparticles 
(AuNPs) on two types of oxide supports to investigate a mild, chemical approach to 
unmasking the active surface of the oxide-supported nanoparticles.  To begin AuNPs 
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(dcore = 1.4 ± 0.4 nm) were functionalized with (2-mercaptoethyl)phosphonic acid (2-
MEPA) and extensively purified prior to assembly. Next, those nanoparticles were 
assembled on high surface-area fumed silica and the planar SiO2 windows of a silicon 
TEM grid.29 These two types of surfaces were used to examine changes in the functional 
and structural characteristics of the assemblies upon mild chemical treatment to weaken 
ligand binding and gently remove those ligands from the surface. The stability of the 
AuNPs during ligand removal was then investigated by TEM and ICP-OES confirming 
that the gold core did not grow nor were nanoparticles removed from the surface. To 
demonstrate that the active gold is accessible following the mild oxidative treatment, 
catalysis was used to probe the surface. Finally, the process of ligand removal following 
assembly was further investigated by characterizing the step-wise removal of ligands 
from the supported gold, maximizing gold core exposure without compromising the 
ligand tether to the SiO2 surface. 
Synthesis of 1.4 nm 2-MEPA AuNP “Building Blocks” 
AuNPs with a core diameter of 1.4 ± 0.4 nm were functionalized with (2-
mercaptoethyl)phosphonic acid (2-MEPA) using a previously described method and 
utilized for all experiments in this study.14 Nanoparticles were then extensively purified 
by diafiltration to ensure that free ligand and extraneous ions from the gold salt were 
completely removed. Purification is important as the presence of free ligand would 
impede self assembly13 and the presence of halides during ligand removal has previously 
been shown to encourage growth of the gold clusters during ligand removal.30,31 Previous 
work by Hutchison and co-workers demonstrated the assembly of 1.4 nm 2-MEPA 
AuNPs on a hafnium(IV) treated silica.12,32 By synthesizing the AuNPs independently of 
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the support the same batches of precisely defined particles could be deposited on both 
planar and high surface area SiO2 surfaces. 
 
Figure 4.2. Illustration showing the assembly strategy of 2-MEPA functionalized AuNPs 
on both a high surface area (fumed silica) and planar (silicon wafer) support. The process 
is the same other than the required treatment of the TEM grid with O2 plasma prior to 
Hf4+ treatment. 
Assembly of 1.4 nm 2-MEPA AuNPs on Both a Planar and a High Surface Area 
SiO2 Surface  
We developed both a planar analysis platform and a high surface area support to 
act as dual characterization platforms (Figure 4.2). A high surface area to volume (200 
m2/g) support was readily available in the form of pyrogenic silica (cab-o-sil) to facilitate 
high gold wt. % loadings. To create a planar substrate with the same surface chemistry as 
pyrogenic silica a process similar to that described for the preparation of SMART TEM 
grids was used.29 Photolithography was used to create a silicon octagon, 3 mm in 
diameter, with one half covered in a grid of thermally grown SiO2 electron transparent 
windows with minimal surface roughness (Figure 4.3). The surface chemistry of fumed 
silica is known to contain a high density of hydroxyl groups; however, previous reports 
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indicate silanol density at the surface of thermally grown silica may be an order of 
magnitude lower than that of the fumed silica.33 Thus, the planar substrates were treated 
with O2 plasma prior to AuNP assembly in order to increase the silanol density at the 
surface. 
 
Figure 4.3. TEM micrographs of 3-D assembly on fumed silica (CAB-O-SIL) before 
(left) and after (right) 1.4 nm 2-MEPA AuNP assembly, scale bar shown 50 nm. 
Assembly was accomplished by soaking in a 5mM HfO2 solution to utilize the terminal 
phosphonate on the stabilizing thiol ligand (2-MEPA). 
The silanol rich SiO2 surfaces of the planar and high surface area substrates 
facilitated the deposition of Hf(IV), which serve as anchor points for the terminal 
phosphonate groups of the 1.4 nm 2-MEPA AuNPs.32,34 Both substrates were soaked in 5 
mM HfOCl2 then rinsed with nanopure water. To deposit the nanoparticles both 
substrates were soaked in a 3/1 methanol:water solution containing 1.6 mg AuNPs per 
mL of solution. The gold deposition was confirmed on the fumed silica by comparing 
TEM micrographs before and after nanoparticle assembly (Figure 4.3). The micrographs 
of fumed silica did not allow for a statistically significant quantification of nanoparticle 
size. However, TEM micrographs of the AuNPs on the planar platform showed that 
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coverage was similar and further analysis determined the diameter of the AuNPs 
following deposition to still be 1.4 ± 0.4 nm (Figure 4.4).35 ICP-OES was performed on 6 
mg of the 3-D assembly following digestion in aqua regia. Results from this experiment 
indicated a final gold loading of 2.1 wt %. These data all indicate that the directed 
assembly strategy for 1.4 nm 2-MEPA AuNPs is effective for multiple SiO2 surface 
morphologies, both planar and high surface area, by utilizing the terminal chemistry of 
particle and surface-chemistry of the support material. 
 
Figure 4.4. Schematic of the tandem analysis strategy used to evaluate ozone mediated 
oxidative ligand removal on the planar assembly. 1.5 nm AuNPs were attached to custom 
SiO2 TEM grids with only half of the surface containing windows (left) and gold loading 
was confirmed by TEM (right). The portion of the substrate without windows has a lower 
surface roughness increasing XPS signal (center). The portion with windows facilitated 
the direct observation of physical changes to the nanoparticle array using TEM. The 
combination of the substrates allowed us to visualize subtle morphological and chemical 
changes and tune the oxidative ligand removal to expose half of the gold surface whilst 
maintaining total particle size and tethering. 
Removal of Ligands from Supported AuNPs Using a Dilute Ozone Treatment 
Following self-assembly of AuNPs, for applications requiring an active gold 
surface, ligands must be removed while maintaining core size without the loss of material 
from the surface. We examined how oxidation of thiol ligands by O3 could be used to 
remove the ligand shell while maintaining core attachment to substrate. 1.4 nm 2-MEPA 
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AuNPs were treated with O3 generated ex situ by a corona generator supplied with dry air 
allowing us to dilute the strength of the oxidant in order to precisely control ligand 
exposure. The ozone enriched gas stream was diluted 25-fold by nitrogen gas providing a 
final O3 concentration of 50 ppm. Both the planar and high surface-area assemblies were 
treated with the dilute ozone as described in methods. Despite the advantages offered by 
the use of pyrogenic silica as a high surface area support, the use of a high surface-area 
substrate presents several challenges related to morphology. Therefore, treatment times 
for each step of the ligand removal had to be varied to account for the higher surface area 
and increased steric hindrance. 
 
Figure 4.5. Stacked plot of high resolution XPS spectra over the S2p binding energy 
range. Red trace (a) represents  nanoparticles as assembled on the planar substrate. Green 
trace (b) represents nanoparticles after eight minutes of dilute ozone treatment. Blue trace 
(c) represents oxidized sample following an 11 minute nanopure water rinse. 
Contributions from sulfur bound to gold appear near 162 eV (Sred) while oxidized sulfur 
species have a binding energy near 168 eV (Sox). Each trace had the silicon loss feature 
removed via background subtraction using a the S2p trace from Hf(IV) treated substrate. 
XPS analysis of treated 1.4 nm 2-MEPA AuNPs on the planar analysis platform 
showed changes in the amount and oxidation state of sulfur from the ligand shell over the 
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course of treatment. The S2p peaks were initially difficult to quantify using curve fitting 
algorithms due to interference from the underlying silicon plasmon loss feature. To 
address this we performed background subtraction from a sample without gold 
nanoparticles resulting in flatter baselines. Following baseline correction the peak area, 
representing relative amounts of bound reduced-sulfur (B.E. = 162 eV) and oxidized 
sulfur (B.E. = 168 eV) were determined.36-38 Changes to the type of sulfur species present 
before treatment, after 10 minutes of exposure to 50 ppm ozone, and finally after the 
subsequent water rinse were shown (Figure 4.5).  
These data are consistent with a portion of the ligand shell being oxidized, as 
evidenced by the presence of both bound thiolate and oxidized sulfur species following 
exposure to dilute ozone. Previous literature indicated that the oxidized sulfur may be 
strongly associated with the gold surface18; however, these data suggest the majority of 
oxidized sulfur products are easily removed at room temperature by water following 
treatment. The residual bound thiolate suggests that some of the ligand shell may remain 
intact tethering the AuNPs to the support. 
Quantifying Nanoparticle Stability Over the Course of Ligand Removal 
Following ozone treatment and rinse, TEM analysis of the planar substrate 
suggested no significant nanoparticle loss (Figure C1). To quantify the amount of gold 
that may have been lost the pyrogenic silica was used for analysis by ICP-OES. Due to 
the much higher surface area and increased hindrance to accessing the surface due to 
morphology compared to the planar system, the ozone treatment time was increased to 20 
minutes. Following ozone treatment the 3-D assembly was soaked in nanopure water for 
11 minutes and the supernatant was collected and analyzed by ICP-OES. The supernatant 
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recovered indicated a negligible amount of gold loss (< 0.2 wt %). These data are 
consistent with the thiolate ligand that remains after ozone treatment strongly tethering 
the AuNPs to the surface even preventing particle loss. 
Applications leveraging the size-dependent properties of supported AuNPs would 
be comprised by particle growth during treatment. To confirm the stability of the AuNPs 
during ligand removal we exposed planar assemblies to the dilute ozone stream for up to 
16 minutes. These samples were then soaked for 11 minutes in 20 mL of nanopure water, 
dried under a stream of argon, and finally analyzed by TEM (Table 4.1). The uniform 
surface of our planar system allowed us to capture micrographs from a large area in order 
to examine a large population of particles. For treatment times through 8 minutes 1.4 nm 
2-MEPA AuNP size remained constant even after the removal of oxidized ligand. Only 
after the planar system was exposed to dilute ozone for twice that time did the particles 
exhibit slight growth following the water soak (from 1.4 ± 0.4 to 1.6 ± 0.6 nm). 
Treatments times of 8 minutes or below were successful for ligand removal without 
associated core growth that would jeopardize the size-dependent properties of the 
supported AuNPs. 
Table 4.1. 2-MEPA AuNP core diameter following ligand removal 
Ozone Treatment Size following rinse a 
No Treatment 1.4 ± 0.4 nm 
4 minutes 1.4 ± 0.3 nm 
8 minutes 1.4 ± 0.4 nm 
16 minutes 1.6 ± 0.6 nm 
a Gold nanoparticle diameter and polydispersity were determined by TEM analysis of the planar assembly 
during ozone treatment between 4 and 16 minutes, followed by an 11 minute soak in nanopure (18.2 M) 
water to remove oxidized ligand. The particles size did not change during treatment. Limited growth was 
observed only after extended ozone exposure. 
 81 
Demonstrating the Availability of an Active Gold Surface Following Ligand 
Removal 
To confirm that an active gold surface is available, catalysis was used as a 
sensitive probe of the 1.4 nm 2-MEPA AuNPs following ligand removal. Given the 
limited amount of material supported on the planar analysis platform, the high surface 
area substrate was used for this demonstration. The room temperature oxidation of CO(g) 
was chosen, as the reaction is sensitive to both the preparation method of the supported 
AuNPs as well as the final gold cluster size.30 In addition, any catalytic activity observed 
is unlike to be influenced the SiO2, which is generally thought to be non-participating.3 
Both the pyrogenic silica and the high surface area assembly were added to an IR gas cell 
and flushed with N2(g) before the addition of equal molar concentrations of O2(g) and 
CO(g). Neither of these untreated samples demonstrated catalytic activity. Finally, the 
high surface area assembly was treated with dilute ozone and rinsed as described 
previously. Once lyophilized 0.1 g was added to the IR gas cell, flushed as before, and 
conversion of the CO(g) to CO2(g) was monitored until the reaction had gone to completion 
(Figure 4.6).  
Given the poisoning effect of thiols for gold catalysis, the catalytic activity 
observed confirms the availability of an active gold surface following the ozone 
treatment. These data provide a picture of the of the physical and chemical changes that 
occur over the course of ligand removal from supported AuNPs. A portion of the ligand 
shell is oxidized during treatment while ligands remaining continue to tether the particles 
to the surface and the oxidized sulfur may be rinsed away with water in order to afford 
access to the active gold surface.  
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Figure 4.6. Single beam FT-IR spectra from gas cell containing activated AuNP 
decorated fumed silica to which 3mL each O2(g) and CO(g) were added. The catalytic 
oxidation of CO(g) was monitored by the decreasing peaks at 2150 cm-1 to complete 
conversion to CO2(g) indicated by the increasing peak at 2450 cm-1. 
Characterizing the Step-Wise Removal of Ligands from Supported 1.4 nm 2-MEPA 
AuNPs 
To further characterize the details of the ligand removal process over time we 
used the tandem TEM and XPS analysis capability of the planar characterization platform 
to tune the degree of ligand removal. The duration of ozone exposure as well as the 
subsequent rinse time was optimized to expose as much of the active gold surface as 
possible while maintaining a covalent tether to bind the AuNPs to the support without 
causing a change in the average particle size. Multiple samples, decorated with 1.4 nm 2-
MEPA AuNPs, were introduced into the dilute ozone gas stream. The samples were 
removed two at a time over the course of treatment, and one sample was then analyzed by 
XPS and TEM while the other was first rinsed with nanopure water before analysis 
 83 
(Figure C2). The ratio (as a percentage of total sulfur) of oxidized sulfur (B.E. 168 eV) to 
bound thiolate ligand (B.E. 162 eV) was determined (Figure 4.7). A dilute ozone 
treatment time of 8 minutes was chosen as an ideal treatment point from the observed 
crossover between oxidized and reduced sulfur at this point contrasted to the roughly 
20% oxidized it had attained after only about 3 minutes of ozone treatment and a 
relatively steady 30% oxidized over the next 5 minutes. The removal of the oxidized 
ligands by rinsing with water was then tuned by exposing several samples to dilute ozone 
for 8 minutes. These samples were then placed in 20 mL of nanopure water and allowed 
to soak for between 1 to 20 minutes. The samples were removed one by one, dried under 
a dilute stream of argon, and then analyzed by XPS. Analysis of these samples showed 
that the amount of oxidized sulfur remaining leveled off after 11 minutes in water, so this 
was taken as the optimal rinse time (Figure 4.8). 
 
Figure 4.7. Graphical interpretation of the S2p3 peak area ratios between thiolate (black) 
and sulfate (grey) species resulting from zero to eight minutes exposure in dilute ozone 
followed by nanopure water rinse.  Each treatment time was sampled over three spots to 
account for surface variation and error bars represent one standard deviation from the 
mean. Peaks were fit to S2p trace and each percentage calculated from the sum of 
oxidized (168 eV) and reduced (162 eV) calculated area. 
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Figure 4.8. Graph plotting the percentage of oxidized ligand remaining on the gold 
nanoparticle surface versus the rinsing time, in minutes.  After 10 minutes the number of 
ligands remained stable at 10% as designated by the dashed line. The percentage of 
ligands was calculated from XPS ratios of oxidized to reduced sulfur 2p peaks. 
We were able to use the relative amounts of reduced and oxidized thiol 
throughout the treatment to determine the number of ligands involved in each process 
(Figure 4.9). 1.5 nm 2-MEPA functionalized AuNPs have previously been well 
characterized by the Hutchison lab showing that on average each has 35 ligands bound to 
the surface of the gold core.14 Given confirmation that the average particle size does not 
change over the course of treatment (Table 1) we calculated the number and type of 
ligands involved in each treatment step. Initially, all 35 ligands are in the form of bound 
thiolate. Following 8 minutes of exposure to the 50 ppm ozone gas stream the average 
particle contains 52.6% oxidized sulfur and 47.4% bound thiolate indicating that 17 
ligands remain unchanged while 18 of the ligands have been oxidized. Although 
oxidation to sulfonate cannot be ruled out by XPS data alone, cleavage of the C-S bond 
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resulting in sulfate and a remaining oxidized ligand fragment would be consistent with 
previous literature reports characterizing the removal of thiolate SAMS from planar 
gold.27,39 Additionally, reports using sum frequency spectroscopy on much larger AuNPs 
(>15 nm) the initial stages of AuNP oxidation were shown to result in the asymmetric 
ligand removal. Taken together with our data this suggests the preferential oxidation of 
ligand from the top half of gold nanoparticles.40 After 11 minutes of water soaking, the 
average particle was shown to consist of 33.1% oxidized sulfur and 66.9% bound 
thiolate. We assumed that the 66.9% thiolate signal comes from the same 17 bound 
thiolate ligands, that is no thiolate is rinsed away. It follows that there were still 
approximately 8 oxidized sulfur atoms remaining following treatment. We can therefore 
reason that the mild ozone treatment followed by a room temperature water soak, was 
able to remove 10 of the 35 thiols initially found in the ligand shell of a 1.5 nm 2-MEPA 
functionalized AuNP, revealing an active gold surface. 
 
Figure 4.9. Schematic depicting the changes in the ligand shell following 8 minutes of 
exposure to 50 ppm ozone and the subsequent 11 minute rinse in nanopure water. Each 
section represents one 2-MEPA ligand based on an average 1.5 nm gold nanoparticle. 
These values were calculated using the XPS peak area ratios for oxidized and reduced 
sulfur. 
Conclusions 
While ligand protected nanoparticles offer considerable synthetic benefits, 
including size-control and the introduction of a wide-variety of terminal functionality, 
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their use also introduces the challenge of ligand removal following assembly. By using 
well-defined nanomaterials as building blocks, we demonstrated a general strategy for the 
removal of the ligand shell at room temperature following self-assembly of 
functionalized nanoparticles. By using dilute ozone, as a gentle chemical treatment to 
lower the affinity of the ligands for the nanoparticle surface, ligands can be removed at 
room temperature without causing core growth or loss of material from the support. This 
approach was illustrated using gold nanoparticles as assembly with water-soluble 
functionalized nanoparticles offers several advantages over other methods previously 
demonstrated for creating supported gold clusters. In addition, the choice of terminal 
functionality for the AuNPs enabled the tailoring of assembly behavior to the support 
material used. The removal of ligands from 2-MEPA protected AuNPs was confirmed by 
using catalytic activity to demonstrate the availability of the gold core. The high activity 
of these supported AuNPs is indicative of the efficacy of the ligand removal. 
This study also showed the advantages of considering and addressing 
characterization challenges during experimental design. To this end, 1.4 nm 2-MEPA 
AuNPs were assembled on parallel, planar and 3-D, SiO2 substrates. This study 
highlights the benefits of using a multi-platform approach to enable the use of 
complementary techniques to provide new insight into the chemical transformations of 
the ligand shell. We quantified the oxidative removal of ligand in order to expose an 
active gold surface. XPS analysis confirmed that some thiol remained on the AuNPs to 
act as a tether to the SiO2 surface even after oxidation and rinse. In addition TEM size 
analysis showed no particle growth and ICP-OES confirmed that AuNPs were not lost 
during treatment. Given the ability of this mild oxidative treatment to remove strongly 
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binding thiolate ligands, this method is likely to be a successful general strategy for 
ligand removal following nanoparticle assembly with any ligand susceptible to oxidation.  
Methods 
Gold Nanoparticle Synthesis 
The nanomaterials used for experiments were all 1.4 nm gold nanoparticles 
(AuNPs). Synthesis of triphenyl phosphine stabilized particles was accomplished through 
a sodium borohydride reduction of HAuCl4, triphenylphosphine, and TOAB in water and 
toluene following literature preparation.14 Biphasic ligand exchange was performed with 
(2-mercaptoethyl)phosphonic acid (2-MEPA) ligand synthesized from a literature 
preparation.12 Exchanged particles were washed using a diafiltration membrane13 with 
100 volume equivalents of nanopure water. Following washing 1.4nm 2-MEPA AuNPs 
were concentrated, lyophilized, and stored in the freezer until use.12 
Hafnium Decoration of Fumed Silica 
Two aliquots of 0.5 g fumed silica were each placed in a 20 mL centrifuge tube. A 
15 mL solution containing 5 mM HfOCl2, was added to the silica with a stir bar. This 
solution was stirred for two days. Hafnium decorated fumed silica was pelleted by 
centrifugation and resuspended in nanopure water this process was repeated three times 
to adequately rinse the sample. 
Gold Nanoparticle Decoration of Fumed Silica 
In each centrifuge tube of hafnium(IV) functionalized silica 15mL of gold soak 
soution ( 1.6 mg of 1.4 nm 2-MEPA AuNPs)/(1mL of 3/1 MeOH/H2O) were added and 
stirred for 2 days. The 2-MEPA AuNP decorated fumed silica was pelleted by 
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centrifugation and resuspended in 15 mL nanopure water this process was repeated three 
times to rinse the sample. Material was lyophilized and stored in the freezer until use. 
Analysis Platform Preparation 
To prepare a silica surface for TEM and XPS analysis a silicon wafer was diced 
into chips and an thermal oxide layer grown by heating to 1100°C in O2 for 13min. 
Positive photoresist used to establish window boundaries. Oxide was etched in diluted 
buffered oxide etch and unwanted silica was etched away soaking in 10% TMAH 
solution at 60°C for 8 hours to reveal windows.29 
Tethering 1.4 nm 2-MEPA Gold Nanoparticles to Platform 
Grids were cleaned with oxygen plasma and soaked for 15 minutes in a dilute 
NH4OH and H2O2 solution to maximize surface silanol concentration. Grids were rinsed 
in nanopure water prior to soaking overnight in 5mM Hf(IV) to generate anchors. AuNP 
tethering was afforded with an overnight soak ( 1.6 mg-1.4 nm 2-MEPA AuNPs)/(1mL-
3:1 MeOH:H2O).12 
Ex situ Ozone Generation and Dilution 
Ozone was produced by pumping dry air into a corona generator. Undiluted ozone 
concentration was determined to be 500 ppm by an Ozone 10/a Draeger tube and UV-Vis 
absorbtion at 253.7 nm. By diluting ozone enriched gas stream with N2(g) 25 fold 
concentration was lowered to approximately approximately 50 ppm ozone measure by 
10/a Draeger tube and UV-Vis absorption at 253.7 nm. 
Activation of 1.5nm Gold Nanoparticles Tethered to Fumed Silica  
To activate our material 0.9 g fumed silica was placed in a 50 mL crystallization 
dish with a stir bar inside a sealed ozone treatment chamber and stirred. Ozone was 
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flowed into the chamber over 20 minutes. Following ozone treatment the chamber was 
flushed with N2(g). Material was removed from chamber and rinsed using nanopure water 
into a centrifuge tube and rinsed three times with 15 mL nanopure water. 
Carbon Monoxide Oxidation 
To validate the bare gold surface, 0.1g dry activated fumed silica was added to a 
IR gas cell with CaF2 windows that had been flushed with N2(g), the IR sample chamber 
was again flushed with N2(g) for 20 minutes and a background spectrum was taken. 3 mL 
O2(g) and 3 mL CO(g) were injected into the IR cell and the sample spectrum was shown 
with background subtracted. FT-IR spectra were collected using a Thermo Scientific 
Nicolet 6700 spectrometer at a resolution of 16 cm-1 to improve signal-to-noise for the 
determination of CO(g) 41 
XPS Chemical Characterization 
XPS spectra were taken at 20 eV pass energy with a ThermoFisher ESCALab 250 
with a monochromated Al K-alpha, using a 400 µm spot size. The number of scans was 
determined empirically to obtain optimal signal/noise. 
XPS Sulfur 2p Background Subtraction 
To quantify the oxidation of sulfur 2p peaks using XPS we adjusted for the 
presence of the silicon loss feature in our spectral window. Baseline correction was 
performed by taking spectra from Hf functionalized platform (blank) and subtracting 
these spectra from samples of interest. Gain correction was required to adjust for 
differences in peak intensity, but peaks were not shifted on the binding energy scale. 
Background subtraction was performed in the program Avantage for ease of comparison 
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with other peaks. This technique facilitated quantification of a signal masked by our 
platform. 
TEM Imaging 
Bright-field TEM micrographs were taken using FEI Tecnai Spirit TEM operated 
at 120 kV or FEI Titan TEM operated at 300 kV.  
Gold Loading Measurement 
Aqua regia was made from concentrated, high purity, 3/1 nitric/hydrochloric acid. 
Three samples, 6 mg AuNP decorated fumed silica were digested in 0.75 mL aqua regia. 
Samples were then diluted to 15 mL and analyzed by ICP-OES. 1 mL of the rinse 
solution following activation was digested in 0.3 mL aqua regia, then diluted to 15mL, 
and analyzed by ICP-OES. ICP-OES data was taken on a Teledyne Leeman Prodigy 
running with standard operating parameters in axial mode. 
Bridge 
In chapter V we utilize the SMART grid analysis platform to show a proof-of-
concept characterizing nanomaterial transformations in complex media. We performed 
studies with the same 1.5 nm 2-MEPA AuNPs tethered with hafnium(IV) on silica as in 
the previous chapter, monitoring the range of reactivity that occurred in various 
conditions instead. This strategy reinforces other environmental nanomaterial 
characterization methods while having the advantage of monitoring both small and large 
particles, directly observing transformations, and using multiple characterization 
techniques. We were able to correlate measurements, through TEM and XPS, to data 
from solutions of AuNPs monitored with UV-vis. The success of this model system has 
positive ramifications for future research characterizing nanoparticle environmental fate. 
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CHAPTER V 
MONITORING TRANSFORMATIONS TO SURFACE-BOUND  
GOLD NANOPARTICLES IN BIOLOGICALLY  
RELEVANT CONDITIONS 
Introduction 
Understanding the risks of nanoparticles incorporated into consumer and medical 
products is difficult due to the unknown level of hazard throughout their life cycle and a 
wide breadth of transformation products with which to assign exposure limits.1 These 
knowledge gaps generate a lack of certainty about nanoparticle use and regulation.2 
Nanomaterials engineered for use in the human body are currently being designed, but 
there are still looming questions about the biological fate of these materials.3 Specifically, 
nanoparticles show promise as a material for use in several medical devices and 
treatments (i.e. photothermal therapy,4 cellular imaging,5, 6 core shell medicine delivery).7 
Understanding the toxicity of the natively synthesized material is essential to safely use 
nanomaterials. Traditionally, in vivo data is used to determine toxicity of these materials, 
but there are problems with this approach.8,9,10 Given the multiple reaction product 
possibilities when reacting these materials in a complicated system, methods developed 
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for small molecules testing may not be as effective in testing more complicated 
molecules.11 Biological transformation of gold nanoparticles used in consumer or medical 
products could alter their reactivity and unless these reaction products are known, it is 
difficult to characterize changes in toxicity over time. 
To bridge between fundamental material metrology and in vivo studies, 
transformations of nanomaterials in biological conditions must be understood. The 
complex medium of biological solutions makes recovery of nanomaterials and their 
transformation products difficult. This multitude of chemical components in biological 
medium complicates accurate elemental analysis. Further, there are an enormous amount 
of possible reaction products to search through because of the unknown nanomaterial 
reactivity. Concentration or extraction to isolate materials can also impact the stability of 
nanomaterials in solution and a  method to permit analysis of mixtures and metabolites, 
does not exist. The complicated nature of biological conditions limits possibilities for 
nanoparticle recovery and analysis. 
There are examples of separating nanoparticles from complicated media using 
physical methods. Force field fractionation (FFF) refers to the use of an applied field 
perpendicular to a mobile phase to separate particles on the basis of size or hydrodynamic 
radius, useful in preparing a solution prior to characterization.12 Applications of 
symmetric FFF that have successfully determined size changes in nanoparticle 
distributions by concentrating environmental solutions down to a single particle to 
characterize with ICP-MS.13, 14 These methods have advantages that they do not require 
filtration or extraction from environmental media and, provided that the sample does not 
aggregate, they can accurately measure the size distribution of low concentrations of 
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nanoparticles. While single particle ICP-MS can perform measurements in complex 
media, this technique is limited by an inability to detect multiple elements or particles 
smaller than 20 nm.15  
To address recovery and identification problems of small nanoparticles we 
utilized an immobilization strategy that tethers nanomaterials to a characterization 
platform. This facilitated the investigation of  physical and chemical transformations to 
phosphonate terminated, thiol stabilized, 1.5 nm gold nanoparticles (AuNPs) in isolated 
conditions. To validate this method as a proof-of-concept for detecting small nanoparticle 
transformations we correlated results from monitoring AuNPs in solution using UV-vis 
spectroscopy with surface measurements. Particles were tethered to the electron 
transparent silica platform by exploiting a silica-hafnium-phosphonate linkage. By 
capturing particles on the surface it was possible to directly visualize and characterize 
transformation that occurred. Surface analysis was performed with transmission electron 
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) (Figure 5.1). These 
techniques facilitated the characterization of both morphological and chemical 
transformations of small (1.5 nm) AuNPs in isolated conditions. This research 
demonstrates that a platform-based approach can isolate and test a variety of complex 
conditions on an individual basis.  
Three conditions were chosen for this study: hydrogen peroxide as a 
representative oxidant to mimic cellular oxidants, an organic acid to lower to the pH, and 
finally glutathione as a representative bio-conjugate, represent several secondary 
metabolic cellular pathways. The experiments indicated particles are stable at the 
vacuolar pH of 4.5. Ligands were labile in excess concentrations of thiols. Finally thiol 
 94 
stabilized particles were unstable due to ligand loss in the presence of an oxidizing agent. 
We were able to directly observe the products of physical and chemical nanomaterial 
transformations both in solution and tethered to a platform. 
 
Figure 5.1. Experimental strategy to show a proof-of-concept that tethered nanoparticles 
can monitor transformations of nanomaterials in complex solutions. Solution based 
studies were monitored for changes in the UV-vis trace (left) over time. To correlate and 
compare these observations, tethered AuNPs were treated in identical conditions. 
Transformations were directly observed using TEM (lower right), 50 nm scale bar shown, 
to characterize morphology and XPS (upper right) to characterize surface chemistry. 
Experimental Methods 
For all the experiments in this chapter we utilized (2-mercaptoethyl)phosphonic 
acid (2-MEPA) stabilized 1.5 nm gold nanoparticles (AuNPs). First synthesis of triphenyl 
phosphine stabilized particles was accomplished through a sodium borohydride reduction 
of HAuCl4, triphenylphosphine, and TOAB in water and toluene following a literature 
preparation.16 Biphasic ligand exchange was performed with 2-MEPA ligand synthesized 
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from a literature preparation following which AuNPs were stored in the freezer until 
use.16 Non-functionalized (nanobasic) SiO2 SMART TEM grids were obtained from 
Dune Sciences. Grids were plasma cleaned and functionalized with hafnium by soaking 
over night in a 5 mM HfOCl2 solution.16 A monolayer of these particles was assembled 
on SiO2 TEM grids by soaking overnight in a 2 mg AuNP/mL 3:1 MeOH:H2O solution 
as previously described17. 
Treatment solutions were prepared with nanopure water in containers cleaned 
with aqua regia or piranha. Surface bound particles were soaked in 10mL of solution and 
visualized with TEM after 48 hours soak time. Acidic solution was a 0.1M acetic acid 
solution buffered with sodium acetate to a pH of 4.5. Oxidizing solution was a made by 
diluting 30% hydrogen peroxide to 5% with nanopure water. 10mM and 5mM 
glutathione solutions were prepared with nanopure water in volumetric glassware. 
Correlative solution measurements were taken on an Ocean Optics DH-2000 
spectrometer with a halogen and deuterium lamp set to measure a range of 200n m to 800 
nm at 10 ms integration time, 40 scans averaged, and 5 nm boxcar average. Solutions 
containing 0.125 mg AuNPs/mL solution were measured using a quartz cuvette. 
TEM size characterization was performed using a Phillips CM-12 at 120 kV 
accelerating voltage. High-resolution transmission electron microscopy (HRTEM) was 
performed on an FEI Titan at 300 kV accelerating voltage. Size distributions were 
generated using ImageJ to perform a bandpass filter on the samples and manually 
applying a treshold so that the final images were representative of the original scanned 
photos when overlaid.18 
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X-ray photoelectron spectroscopy (XPS) measurements were performed on a 
Thermo Scientific K-Alpha instrument with a monochromated Cu-Kα source Surface 
scans were analyzed using1eV/step and 200 eV pass energy spot size of 200 µm 
Multiplex scans were run using 0.1 eV/step at 20 eV pass energy to provide peak area 
ratios for Au5d, Hf4f, Si2p, S2p, P2p, and N1s peaks. The number of scans was 
determined empirically for each sample to optimize the amount of chemical information 
obtained from each sample.  
Results and Discussion 
Establishing Correlative Measurements 
Previous studies have shown that water soluble thiol stabilized particles are stable 
in water from several days to weeks depending on the nature of the ligand.3 To confirm 
this, a 0.125 mg AuNP/mL nanopure water solution was monitored for 48 hours using 
UV-vis spectroscopy. The spectrum in Figure 5.2 shows no change in the trace over 48 
hours indicating particle stability on this time scale. All other conditional experiments 
were evaluated using this sample as a control. To correlate these solution measurements 
to experiments using our platform we characterized any physical changes to tethered 
particles soaking in nanopure water using TEM (Figure 5.3).  
TEM images of tethered nanoparticles taken after 48 hours showed an even 
coverage of individual particles. The average size of these particles was 1.9±0.7 nm, 
measured from a sample of 1931 particles. Both the average size and distribution were 
comparable to previously synthesized 1.5 nm 2-MEPA AuNPs thus we considered them 
to be stable in water.16 Given this, these samples were used as a comparative control for 
the rest of the solution treatments (acid, glutathione, and peroxide). TEM micrographs 
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and calculated size histograms for each conditional experiment were compared to this 
control to characterize morphological transformations. 
 
Figure 5.2. UV-vis traces of 2-MEPA 1.5 nm AuNPs in nanopure water over 48 hours 
show no change over this time period. 
 
Figure 5.3. TEM micrograph of 1.5 nm AuNPs soaked for 48 hours in nanopure water 
and accompanying size distribution histogram. The average particle size was 1.9±0.7 nm 
of a sample of 1931 particles. Scale bar shown is 20 nm. 
Particle Behavior in Acidic Conditions 
To evaluate the solution stability of 2-MEPA AuNPs exposed to acid, particles 
were added to 0.1M acetic acid buffered at pH of 4.5. Nanoparticle stability was 
monitored in a 0.125 mg AuNP/mL buffered acid solution by UV-Vis data over 48 hours 
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(Figure 5.4). Slight particle agglomeration, indicated by absorbance due to scattering seen 
at 800 nm, was observed in the acid exposed solution when compared to the sample 
soaked in nanopure water (Figure 5.2). To correlate and compare these data with 
morphological transformations to tethered particles, grids were stored in 10 mL, 0.1 M 
acetic acid buffered to pH 4.5 for 48 hours. TEM micrographs were compared between 
the acid treated (Figure 5.5) and control (nanopure treated - Figure 5.2) samples.  
 
Figure 5.4. UV-vis trace of AuNPs in 0.1 M acetic acid buffered to pH 4.5 over 48 hours. 
Traces are similar in shape, but show absorbance due to scattering at 800 nm. 
 
Figure 5.5. TEM micrograph of 1.5 nm AuNP sample soaked in 0.1 M acetic acid 
buffered to pH 4.5 over 48 hours and accompanying size distribution histogram. The 
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average particle size was 1.4 ± 0.5 nm of a sample of 1179 particles. Scale bar shown is 
20 nm. 
The TEM micrographs of tethered 1.5 nm AuNPs soaked in 0.1M acetic acid 
buffered to pH 4.5 indicated an even coverage of individual particles. The average size of 
these particles was 1.4 ± 0.5 nm, measured from a sample of 1179 particles. The mean 
particle size of acid soaked tethered particles were slightly smaller than samples soaked 
in only nanopure, although both values were within one standard deviation of one 
another. The calculated size histogram (Figure 5.5) showed similarly shaped size 
distribution as the one shown in Figure 5.1, however tethered particles treated with acid 
had a low median (1.5 nm - Figure 5.5) than the control sample soaked in nanopure (2.0 
nm - Figure 5.2). Both of these data indicate that particle size decreased slightly. Using 
tethered particles to evaluate the transformations allowed the characterization of 
aggregation behavior based on a change in particle size. 
Characterization of Glutathione Place Exchange on 2-MEPA AuNPs 
Place exchange of thiols in solution has been well characterized for ligands on 
gold.19 The tri-peptide glutathione (GSH) is the most common secondary metabolite in 
biological organisms.20 It was hypothesized that given its proliferation and presence in 
the cells GSH would perform ligand exchange on thiol stabilized materials. To evaluate 
solution stability of 2-MEPA AuNPs when exposed to GSH, particles were exposed to 
0.125 mg AuNP/5 mL 5mM GSH solution and 0.125 mg AuNP/5 mL 10mM solution for 
24 hours and monitored with UV-vis (Figure 5.6). The UV-vis trace from AuNPs held in 
1 mM GSH over 24 hours was unchanged, indicating particle stability. In contrast, the 
particles held in 10 mM GSH exhibited absorbance due to scattering around 800 nm 
(Figure 5.6) indicating sample agglomeration. To correlate and compare tethered particle 
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reactivity to results from particles in solution, AuNPS tethered to platform were soaked in 
10 mL, 10 mM GSH solution for 24 hours. The platform was visualized with TEM and 
compared to the control (nanopure) soaked sample (Figure 5.7). 
 
Figure 5.6. UV-vis trace of 0.125 mg 1.5 nm 2-MEPA AuNP in 5 mL GSH solutions 
exposed to 1mM (left) and 10mM (right) glutathione and monitored over 24 hours. The 
trace from AuNPs exposed to 1 mM GSH does not change over 12 hours; however in 10 
mM GSH AuNPs exhibited absorbance due to scattering over this same time period. 
 
Figure 5.7. TEM micrograph of AuNPs exposed to 10 mM GSH over 48 hours and 
accompanying size distribution histogram. The average particle size was 1.8 ± 0.8 nm for 
a sample of 2079 particles. 
TEM micrographs taken of tethered AuNPs treated with 10 mM GSH had some 
agglomeration indicated by particle clustering. Average size of the GSH treated particles 
was 1.8 ± 0.8 nm, nearly identical to the average size of the control. The presence of 
small numbers of particles >5 nm on the size distribution histogram (Figure 5.7) 
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corroborates some particle aggregation, but the shape is similar to the control distribution 
(Figure 5.3) in the lower size bins indicating particle stability. The observations of 
aggregation made on 10 mM GSH correlate with measurements of aggregation from 
solution. These physical changes indicated that some degree of chemical change on the 
surface had occurred during the soak. To characterize any change in ligand chemistry 
XPS analysis was performed on the particles before and after GSH treatment.  
 
Figure 5.8. XPS spectra of the nitrogen 1s and phosphorus 2p regions from samples 
treated with 1 mM and 10 mM GSH as compared to a control sample treated in water. 
(A) The N1S region showed an increase in nitrogen when compared to control (light grey 
trace) as GSH concentration was increased from 1 mM (dark grey trace) to 10mM (black 
trace). Further the phosphorus peak in both GSH treated samples (black and dark gray 
trace) was removed when compared to the control (light grey trace).  
The spectra shown in Figure 5.8 allowed us to discern chemical changes in the 
samples consistent with the glutathione ligand replacing 2-MEPA ligand. Taken together 
these traces indicate ligand place exchange occurs on the AuNPs between 2-MEPA and 
GSH. This was indicated by the increase in the nitrogen peak as the amino acid residues 
that constitute glutathione contain nitrogen, and a decrease in the phosphorus peak 
consistent with loss of the 2-MEPA ligand.  
Both the TEM and XPS data taken together indicate that particles exposed to 
glutathione will perform place exchange with thiol ligands passivating the AuNP surface. 
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Glutathione has previously been shown to exchange with surface thiols and passivate Au 
particles during synthesis.21 A high concentration of thiols, like those in the 10 mM GSH 
sample, have been shown to cause AuNP etching effecting stability and causing the 
sample agglomeration seen in Figure 5.6 and Figure 5.7.22-24 Measurements on tethered 
gold nanoparticles were able to correlate the absorbance, due to scattering seen in UV-vis 
spectra, to agglomeration due to particle etching in excess of thiols. 
Particle Instability Due to Oxidation by Hydrogen Peroxide 
Oxidative pathways have been implicated in the detoxification mechanism for 
NP’s; endocytosis and signs of reactive oxygen species are both good indicators of 
this.25,26,27 To simulate cellular oxidative conditions we monitored a 0.125 mg AuNP/mL 
5% hydrogen peroxide solution using UV-vis spectroscopy over 48 hours (Figure 5.9). 
The collected UV-vis spectra (Figure 5.9) showed both aggregation and agglomeration in 
response to hydrogen peroxide. Aggregation was indicated by a plasmon resonance at 
546 nm that beginning at 16 hours.28 Absorbance due to scattering at 800 nm was 
indicative of particle agglomeration. Color change and particulate matter were also noted 
during the reaction further supporting particle instability. Physical changes to tethered 
particles were correlated to the UV-vis spectra by visualizing with TEM after 48 hours of 
exposure to 5% hydrogen peroxide solution (Figure 5.10). 
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Figure 5.9. UV-vis trace of a 0.125 mg AuNPs/mL 5% hydrogen peroxide solution over a 
period of 48 hours. The growth of a plasmon resonance at 546 nm indicated particle 
growth and the absorbance due to scattering at 800 nm was indicative of  aggregation. 
 
Figure 5.10. TEM micrograph of  AuNPs soaked in 5% hydrogen peroxide for 48 hours 
water and accompanying size distribution histogram. The average particle size was 2.8 ± 
1.4 nm of a sample of 556 particles. 
Larger particles can be visualized on the TEM micrograph of the peroxide treated 
sample (Figure 5.10). The increased average particle size of 2.8 ± 1.4 nm and the skewed 
right size distribution when compared to the control (nanopure) soak supports this 
observation. These observations indicate larger particle size, possibly due to aggregation. 
To visually confirm that core fusion occurred, high resolution transmission electron 
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microscopy (HRTEM) was performed on a sample soaked in nanopure water (Figure 
5.11) and a sample soaked in 5% hydrogen peroxide (Figure 5.12).  
  
Figure 5.11. HRTEM image of AuNPs following nanopure water soak, individual 
particles can be identified on the surface as evidenced by the different orientations of 
lattice planes and clear particle boundaries. Scale bar shown is 5 nm. 
 
Figure 5.12. HRTEM micrographs of AuNPs following 5% hydrogen peroxide exposure. 
Lattice fringe merging (left) of multiple adjacent particles and reduced circularity (right) 
increasing size of particles were both observed. Scale bars shown are 5 nm. 
The HRTEM micrographs from samples soaked in nanopure water (Figure 5.11), 
evidenced by distinct particles as seen by the different orientations of lattice fringes. This 
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is contrasted by the HRTEM micrographs of the sample treated with 5% hydrogen 
peroxide (Figure 5.12) where particles were less distinct, had areas where lattice fringes 
were aligned, and particles growing together.  These all indicated that multiple particles 
were aggregating into larger nanostructures. These morphological changes indicated 
destabilization of the particles due to oxidation of the ligand shell. 
To characterize chemical changes to the ligand shell 1.5 nm 2-MEPA AuNPs 
treated with 5% hydrogen peroxide for 48 hours were compared to an untreated 1.5 nm 2-
MEPA AuNPs using XPS multiplex spectra taken from the phosphorus 2p and sulfur 2p 
regions (Figure 5.13). Transformations to the ligand shell were confirmed by chemical 
characterization by XPS shown in Figure 5.13. The decrease in sulfur 2p following 
oxidation indicate thiol bound to gold surface is removed through peroxide treatment 
indicated by the loss of the pre-oxidation (black trace) peak at 162 eV in the post-
oxidation (gray trace) peak. The loss of the pre-oxidation (black trace) phosphorus 2p 
peak at 132 eV from the post-oxidation (gray trace) showed removal of the ligand and 
indicates it was washed away following oxidation. 
 
Figure 5.13. XPS multiplex spectra of sulfur 2p and phosphorus 2p regions on AuNPs 
exposed to hydrogen peroxide (black trace) and nanopure water (grey trace). 2-MEPA 
ligand loss was indicated by differences in these peaks compared to a sample held in 
nanopure water.  
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The changes in surface chemistry are consistent with the instability of thiol-
stabilized nanoparticles in oxidizing environments. As the passivating thiol ligands on the 
Au surface are exposed to an oxidant: disulfide, sulfonate, or sulfates are formed.29 Once 
oxidized the ligand becomes solubilized and is rinsed away exposing the gold core. Inter-
particle attractive forces result in the growth of larger structures. This result indicates that 
thiol stabilized gold nanoparticles would be highly susceptible to metabolic oxidation 
sources. The chemical and morphological characterization of oxidation correlated with 
measurements in solution and highlighted a mechanism only observable using tethered 
particles. 
Conclusion 
We have shown how an electron transparent platform can be used to correlate and 
compliment solutions studies of nanomaterials in solutions as a proof-of-concept for 
analysis in complex systems. The use of nanomaterials tethered to a platform facilitated 
the characterization of fundamental ligand and core transformations in several 
biologically relevant conditions.  
The materials discussed in this chapter, 1.5 nm 2-MEPA stabilized AuNPs, 
showed slight aggregation in organic acid (pH=4.5). Place exchange occurred on particles 
exposed to glutathione, altering the ligand chemistry. The functionalization of GSH to the 
nanoparticle could alter its reactivity and recognition in a biological environment.30,31 
Lastly, in an oxidizing environment, it was found that peroxide removes ligands and 
causes particle aggregation and growth. The biological exposure to gold cores could react 
differently than they would with a passivated surface. 
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The results of these experiments show the utility platform-based models to 
effectively detect chemical and morphological transformations of AuNPs. These 
transformations would be impossible to monitor in vivo and by correlating to solution 
studies they provide characterization targets. Further, this platform based analysis 
strategy can be applied towards other conditions and environments where analysis of 
nanomaterials and their transformation products is challenging or at a lower 
concentration than experimentally feasible.  
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CHAPTER VI 
CONCLUDING SUMMARY 
In this dissertation we described the use of a platform-based approach to tether 
both silver and gold nanoparticles on an analysis platform in order to directly observe 
environmental nanomaterials transformations. Multiple environmental conditions were 
chosen to represent the versatility of the platform: humid environments, controlled ozone 
exposure, and biologically relevant mediums. Silver, with it’s environmental reactivity, 
was a model material to study, exhibiting the capabilities of the platform to identify 
different reactivity between surfaces and in solutions. Gold was selected due to its 
relative stability as a nanomaterial and the ability to carefully control size and 
functionality. Utilizing this control we were able to carefully remove ligands from the 
nanoparticle surface without disturbing the tether. Further, because of the predictability 
of gold nanoparticle behavior we showed a proof-of-concept of this platform to monitor 
transformations in complex environmental media. 
Chapter II discussed the use of the platform to directly monitor the fate of silver 
in humid environments. We observed that both nano and macro-scale silver, generated 
daughter silver nanoparticles when once deposited on surfaces and exposed to ambient 
conditions. This reactivity has not been seen in solutions and reinforced the use of a 
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platform to monitor transformations of nanomaterials on surfaces (as many of the 
commercial nanosilver products are used). The platform allowed us to directly observe 
the formation of daughter particles over the course of several weeks by revisiting the 
same location for imaging. Experiments also showed that silver objects (wire, jewelry, 
and silverware) and copper wire produced daughter nanoparticles when held adjacent to 
the analysis surface with either water or humidity to transfer ions between them. These 
findings highlight the need for new characterization strategies, like our analysis platform, 
to assess nanomaterial transformations under environmentally relevant conditions.  
Chapter III explored, the complex chemical equilibria occurring in the formation 
of daughter particles in small volume of the surface adsorped water layer. By carefully 
controlling the relative humidity transport of material was shown to be highly dependent 
on the amount of liquid-like water on the surface, where degradation was shown to occur 
in the presence of any water. The role of pH was shown to be significant in both the 
degradation of parent particles and deposition of daughter particles. Further it was shown 
that these processes balance the consumption of protons during degradation with 
consumption of hydroxide to form Ag2O in the thin surface adsorbed water layer. The 
intermediacy of Ag2O was shown as it slowly transforms to the more thermodynamically 
stable Ago. Finally the stability of daughter particles was investigated and different 
reactivity than their parents was observed; daughter particles ripen over time instead of 
decomposing as a result of their different chemical environment. Using the analysis 
platform we were able to explore the equilibrium processes in the surface adsorped water 
layer. 
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Chapter IV showed the use the platform to characterize ozone to selectively 
oxidize and subsequently remove ligands from the surface of 1.5 nm 2-MEPA AuNPs 
nanoassemblies without impacting particle size or attachment. The introduction of dilute 
ozone oxidizes the thiol stabilizing ligands allowing them to be rinsed away. By diluting 
the ozone concentration we could selectively remove the top half of the ligand shell 
leaving attachment intact. The surface was rinsed of these oxidized products to reveal an 
active gold surface, demonstrated by the catalytic oxidation of carbon monoxide. To tune 
this process we used XPS to monitor the percent of ligands that were oxidized in a given 
treatment time. Using TEM we were able to establish that these materials did not grow or 
fall off. The use of the platform facilitated the characterization of these subtle changes in 
ligand oxidation. 
Chapter V demonstrated the use of the 1.5 nm 2-MEPA AuNPs deposited on the 
analysis platform as a proof-of-concept for the direct observation of nanomaterials 
transformations in complex systems. Model biological conditions were chosen to 
represent metabolism of a particle: acid, thiols, and oxidation. With these conditions we 
correlated solution reactivity to morphological and chemical characterization of ligand 
and core transformations. TEM allowed us to monitor changes in the size and 
morphology and XPS facilitated the chemical characterization of these transformations. 
Particles showed slight aggregation in acid. Thiol exposure induced ligand exchange at 
low concentrations and caused etching in higher concentrations. In an oxidizing 
environment we observed loss of ligands was causing aggregation and agglomeration. 
For each sample the use of the platform revealed greater insight into particle reactivity 
than solution monitoring alone. These results showed that a platform based analysis 
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strategy is applicable for the analysis of nanomaterials in complex media or 
experimentally challenging conditions. 
In each chapter the application of the analysis platform aided in the 
characterization of nanomaterials reactivity. By immobilizing the particles we were able 
to directly observe environmental transformations occurring to the particle by using 
surface analysis techniques to track morphology and chemistry. The incorporation of 
direct observation into experimental design provided new insight into the complex 
transformations of nanomaterials. Further, we showed that this strategy works in a 
diverse set of environments and can be applied broadly for monitoring environmental 
nanomaterials transformations. 
Tethering nanoparticles to an analysis platform provided a novel tool for the 
characterization of nanomaterials, aiding in the discovery of nanoparticle reactivity that 
was previously unobserved. The formation of nanoparticles from macroscale silver and 
copper objects challenges currently held concepts pertaining to material degradation. This 
work shows common objects can produce naturally occurring nanoscale materials 
suggesting the presence of others yet undiscovered. Studies combining the use of this 
platform with other in vivo or biological tests can reveal the chemical transformations 
underlying toxicity or biological reactivity. The ability to disclose fundamental reactivity 
and track chemical changes on nanoparticle surfaces demonstrates that this strategy can 
be used to develop nanoenabled products and treatments to create functional materials 
and nanoassemblies.  
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APPENDIX A 
SUPPLEMENTARY INFORMATION FOR CHAPTER II 
 
 
 
Figure A1. TEM images of particles exposed to 100% RH chamber kept in either light 
(A) or dark (B) conditions for one week. (A) TEM image of a sample held in darkness 
showing little degradation to the parent particles. (B) TEM image of a sample held in 
ambient light showing degradation of the parent particles. 100 nm scale bar shown for 
both panels 
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Figure A2. AFM images of 75 nm PVP-stabilized AgNPs before and after exposure to 
humidity for one week. (A) AFM image of freshly deposited particles showing spheroidal 
particles with a relatively smooth surface and sizes in the 75nm range with no small 
particles present. (B) AFM image of aged particles showing the presence of large 
numbers of new, smaller particles and morphological changes to the surfaces of the 
parent particles. Phase mode images, 0-30 deg, were taken for each sample to identify 
both edges and topography. Scale bar shown is 100 nm. 
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Figure A3. XPS spectra used to examine the oxidation state of the silver in AgNPs before 
and after exposure to humidity. The spectra show freshly deposited 75 nm AgNPs (top) 
and samples of 75nm AgNPs that had been aged for one week (bottom). Fitting shows 
one Ag3d5/2 peak at 368.41 eV (FWHM=0.82) for the fresh sample and 368.59 eV 
(FWHM=1.01) for the aged sample. 
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Figure A4. Effects of humidity on 75 nm PVP-stabilized AgNPs deposited on non-
functionalized grids after three weeks exposure. (A) A TEM image of the sample stored 
at 0% RH shows no change to the parent particles, but the presence of salts can be seen 
around the particles. Salts are present on these samples because we were unable to rinse 
the samples due to the fact that the particles are not chemically attached. (B) A TEM 
image of the sample exposed to 100% RH shows gross morphological changes including 
new particle formation. The 100 nm scale bar shown applies to both panels.  
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Table A1. Calculations to estimate silver ion concentration in the adsorbed water layer 
surrounding a silver nanoparticle. 
Parameter Formula/source Value 
Surface area of particle 4/3πr2 1.77 E4 nm2 
Percent filling of fcc or cubic Known value 74 % 
Radius of silver atom Known value 0.145 nm 
Cross section of silver atom πr2 0.066 nm2 
Number of atoms on surfaces (Surface 
area/cross 
section)*0.74 
1.98 E5 atoms 
Moles of silver in the outer 
monolayer 
Number of 
atoms/Avogadro’s 
# 
3.29 E-19 moles 
Volume of water layer (in nm3) 
surrounding particle 
4/3π*((37.5+3)3 - 
(37.5)3) 
5.74 E4 nm3 
Volume of water layer (in L) Convert from nm3 
to L 
5.74 E-23 liters 
Concentration of Ag+ (moles/L) 0/01*(Moles of 
silver in outer 
layer)/(volume of 
water layer) 
57.32 moles/liter 
Concentration of Ag+ (kg/L) Convert moles to 
kg 
6.18 kg/liter 
Solubility of silver 
(AgNO3 at 20 °C) 
Literature value 2.17 kg/L 
These calculations assume a single 75 nm silver particle and examine the case when only 
1% of the surface atoms are oxidized and dissolve in a 3 nm thick layer of adsorbed 
water. This estimate shows that the concentration of silver ion significantly exceeds the 
solubility for silver ion in the adsorbed water layer even when so little silver is released. 
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Figure A5. Humidity induced transformations of AgNPs with other surface coatings. 
Samples were deposited on amine-functionalized grids and stored for one week at 100% 
RH. (A) A TEM image of citrate-stabilized 75 nm AgNPs shows the formation of smaller 
particles in a ring around the parent particles. (B) A TEM image of polysorbate-20-
stabilized 20 nm AgNPs shows new nanoparticle formation randomly dispersed across 
the grid. The scale bars are 100 nm for both panels. 
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Figure A6. Formation of CuNPs from copper wire. Nanoparticles were formed when a 1 
µL droplet was added to the interface between the wire and the grid to facilitate ion to 
release. CuNPs are visible in the HAADF-STEM image and composition was confirmed 
using EDS.  
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APPENDIX B 
SUPPLEMENTARY INFORMATION FOR CHAPTER III 
Table B1. Calculated change in pH from dissolutionb 
  100%RH 75%RH 50%RH 
Average mass 
Ag (g) 
released 
1.07E-15 3.68E-16 3.73E-17 
Moles Ag 
released (mol) 9.91E-18 3.41E-18 3.46E-19 
Moles 
hydroxide 
generated 
(mol) 
9.91E-18 3.41E-18 3.46E-19 
Water layer 
thickness 
(nm) 
3 1.5 1 
Volume of 
water in 
cylinder 
(600nm )  
3.39E+06 1.70E+06 1.13E+06 
Liters water 3.39E-18 1.70E-18 1.13E-18 
Molarity OH 2.92 2.01 0.31 
pOH -0.47 -0.30 0.51 
pH 14.5 14.3 13.5 
bThe maximum change in pH as estimated from volume of daughter particles formed in a 
600 nm radius at 100%RH, 75%RH, and 50%RH around parent particles. Assuming all 
visualized daughter particles were dissolved as Ag+ and each time a proton is consumed 
by the oxidative ionization of Ago a hydroxide is formed.  
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APPENDIX C 
SUPPLEMENTARY INFORMATION FOR CHAPTER IV 
 
Figure C1. Treatment of 1.5 nm 2-MEPA AuNP nano assemblies with dilute ozone as 
visualized from TEM micrographs taken at intervals during treatment. The nanoparticles 
stay attached through the optimal treatment time of 8 minutes. At 16 minutes the larger 
aggregates are visible indicating particle detachment from the surface 
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Figure C2. Bar graph of percent of sulfur remaining as %reduced (thiolate) and 
%oxidized (sulfate) on particles versus ozone treatment time. For each time point both 
rinsed (left two bars) and unrinsed (right two bars) are shown. 
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